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THE  ANALYSIS  OF  SUBMERGED  JET 
FLOW  FIELDS  BY  A  NUMERICAL 
FIELD  COMPUTATION  METHOD 


by 

Glen  W,  Zumwalt  and  Willlaai  F.  Walker 
School  of  Mechanical  Engineering 
Oklahoma  State  University 


THE  DILEMMA 

The  fluid  mechanics  of  fluid  amplifiers  has  proven  to  be  dlscouragingly 
difficult  to  analyte.  Some  special  solutions  have  been  obtained  and  in¬ 
sight  has  been  gained  by  these  into  the  phenomena  involved,  but  generally, 
the  flows  and  geometries  are  too  complex  to  calculate.  This  is  not  sur¬ 
prising.  Typical  fluid  control  devices  contain  separated  and  reattaching 
flows,  turbulent  boundary  layers  and  mixing  regions,  cross-moving  streams, 
complex  wall  geometries,  and  all  this  inside  bounding  trails  and  receivers 
which  impose  pressure  gradients  in  all  directions. 

To  these  difficulties  we  generally  bring  the  methods  developed  in 
boundary  layer  studies.  Since  such  a  wealth  of  background  work  exists 
in  the  analysis  of  boundary  layers  (both  guided  and  separated),  it  was 
natural  that  fluid  amplifier  studies  should  attempt  to  draw  upon  this 
fund.  However,  one  does  not  work  long  at  this  before  severe  limitations 
in  conventional  fluid  dynamics  approaches  are  seen: 

(1)  The  flow  siodels  generally  call  for  a  large  po¬ 
tential  flow  region  to  impress  a  pressure  field 
upon  the  viscous  regions.  The  pressure  field 
is  first  solved,  ignoring  the  viscous  effects, 
and  then  the  viscous  regions  are  superimposed 
on  the  walls  or  separated  boundary  streamlines. 

But  in  fluid  amplifier  elements,  the  viscous 
flows  often  predominate  and  themselves  deter¬ 
mine  tho  pressure  field.  This  same  difficulty 
has  been  faced  in  ejector  and  ducted-rocket 
analyses. 

(2)  Small  aspect  ratios  turn  most  problems  into 
three-dimensional  ones.  These  are  almost 
beyond  the  formulation  of  flow  models,  and  few 
solutions  exist  for  even  invlscid  flows.  Even 
the  method  of  characteristics  becomes  hope¬ 
lessly  complex  for  bounded  invlscid  gases  when 
the  third  dimension  is  introduced. 

(3)  The  non-linearily  of  the  equations  forces  one 
to  seek  overall -effects  type  solutions  by  in¬ 
tegral  methods.  For  devices  designed  to  operate 
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near  the  lialte  of  the  stable  flow  condition  - 
and  thua  be  "switchabla"  -  the  accuracy  of  results 
nay  be  quite  unacceptable.  Also,  details  of  flow 
patterns  which  are  Instinctive  to  the  designer  are 
often  lacking. 

The  alternative  to  conventional  fluid  dynamic  methods  has  been  numerical 
methods.  These  have  been  used  most  widely  and  successfully  in  solving 
supersonic  flow  fields  where  the  "method  of  characteristics"  can  apply. 
Unfortunately,  the  presence  of  viscosity  destroys  the  mathematical  simplicity 
which  makes  the  method  of  characteristics  useful.  In  Jet  mixing  work,  the 
inviscid  jet  boundary  has  provided  the  flow  model  upon  which  the  laminar 
or  turbulent  jet  mixing  is  superimposed.  The  method  becomes  useless,  how¬ 
ever,  as  mentioned  above,  when  bounding  walls  severely  restrict  the  extent 
of  the  frictionless  flow.  Thus,  this  numerical  method  offers  little  pro¬ 
mise  for  the  problem  at  hand. 


SUGGESTED  SOLUTION 


A  second  type  of  numerical  method  has  been  recently  successfully 
applied  to  transient  flow  problems.  This  differs  from  the  method  of 
characteristics  in  that  the  space  co-ordinates  are  not  unknowns  to  be 
solved  for  in  the  analysis.  Rather,  the  field  is  divided  into  equal- 
slzed  cells,  or  represented  by  a  grid  of  mesh  points.  At  these  points  - 
or  in  these  cells  -  all  the  basic  equations  are  solved  in  difference 
equation  form,  based  on  the  values  of  flow  properties  at  surrounding  points 
at  previous  times.  Moat  of  the  mathematical  development  in  the  literature 
has  been  concerned  with  wave  motion  in  fluids  or  solids,  whero  the  dis¬ 
sipating  effects  of  viscosity  were  Ignored.  Further,  the  emphasis  has 
been  on  the  solution  of  moving  shock  wave  problems,  where  wave  diffraction 
and  reflection  complexities  were  well  beyond  all  methods  except  difference- 
form  computerised  techniques. 

It  is  the  thesis  of  this  paper  that  the  numerical  mesh-point  methods 
offer  the  best  -  and  perhaps  the  only  -  hope  for  truly  analysing  the 
completely -bounded  jets  of  fluid  amplifiers. 


THE  PRESENT  STATUS 


In  dealing  with  prob  ems  Involving  the  reflection  and  diffraction  of 
moving  shock  waves,  the  classical  methods  of  finite  difference  analysis 
were  found  unable  to  handle  the  occurence  of  large,  local  variations  of  the 
dependent  variables.  The  discontinuities  associated  with  shock  waves 
cause  instabilities  in  the  computation  techniques  quite  similar  to  insta¬ 
bilities  in  a  servo-mechanism.  New  methods  were  needed  to  allow  compu¬ 
tations  to  proceed  through  regions  where  surfaces  of  discontinuities 
existed.  The  basis  for  these  methods  was  provided  in  IQ50  by  von  Neumann 
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and  Richtmyer  (1)  who  suggested  that  the  invlscld  flow  equations  be  altered 
so  that  discontinuities  would  be  "blurred”  into  regions  where  all  flow 
variables  would  be  continuous,  but  rapidly  varying.  This  was  accomplished 
by  adding  to  the  equations  terms  often  called  "artificial  viscosity"  be¬ 
cause  they  tend  to  dissipate  the  flow  properties  as  viscosity  would. 

This  was  followed  by  work,  mainly  at  the  Courant  Institute  for  Applied 
Mathematics,  on  improving  the  accuracy  of  the  computations  and  defining 
the  stability  requirements  (2)(3)(4)(5).  Lax  and  Wendroff  (7)  formalised 
the  difference  techniques  to  be  applied  to  a  set  of  conservation  laws  and 
thus  be  applicable  to  several  types  of  physical  problems. 

In  Russia  in  1959  Godunov  (8H9)  improved  upon  the  von  Newmann  and 
Richtmyer  and  the  Lax  works  with  particular  application  to  hydrodynamics. 

A  more  recent,  and  little  known,  work  by  Rusanov  (10)  draws  together  many 
of  the  best  features  of  these  previous  papers.  Rusanov  made  the  coef¬ 
ficients  in  the  artificial  viscosity  terms  dependent  upon  the  properties 
at  the  point  being  calculated,  rather  than  using  constant  coefficients 
as  did  Lax.  This  considerably  reduces  the  tendency  to  diffuse  the  gradients. 
At  Oklahoma  State  University  work  has  been  underway  for  the  past  year  to 
extend  the  approach  of  Rusanov  to  problems  involving  laminar  or  turbulent 
viscosity.  It  is  this  which  will  be  presented  in  the  following  section. 

A  somewhat  parallel  line  of  work  is  being  carried  on  at  the  Los 
Alamos  Scientific  Laboratory  in  a  combination  LaGrangian-Eulerlan  computation 
system  known  c. s  the  Partlcle-In-Cell  (PIC)  method.  This  permits  the 
presence  of  more  than  one  species  of  fluid,  as  in  a  plasma.  Various 
modifications  of  this  have  been  made  for  specific  problems  with  very  re¬ 
markable  results;  ( 11 ) ( 12 ) ( 13 ) •  The  LASL  work  has,  however,  not  yet  ap¬ 
peared  in  a  form  which  lends  Itself  to  the  general  viscous  flow  problem 
here  considered,  although  there  seems  to  be  little  doubt  that  the  fluid 
mechanics  research  group  at  Los  Alamos  is  without  peer  in  this  area  of 
work. 


THE  BASIC  EQUATION  FORMS 


The  physical  equations  for  the  conservation  of  mass,  momentum,  and 
energy  can  all  be  written  in  a  common  form: 


i£  *  m 

b  *  ix 
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For  the  familiar  frictionless,  plane  flow  equations, 
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If  the  upper  term  la  substituted,  the  continuity  aquation  is  formed. 

Tha  saoond  and  third  tarns  giva  nonantun  aquationa  in  the  x  and  y  directions, 
respectively.  The  lower  tarns  giva  tha  energy  aquation. 

For  nunarlcal  conputatlona,  tha  right  side  of  tha  aquation  cannot  be 
eero,  or  nunarlcal  instabilities  occur  in  which  property  values  diverge 
with  successive  iterations.  Artificial  viscosity  terns  are  added  which 
are  essentially  the  suns  of  the  second  derivatives  of  f  in  each  direction, 
weighted  according  to  the  nagnitudes  of  the  property. 


If  the  conservation  equations  are  derived  for  a  turbulent  Jet  flow, 
uaing  order  of  magnitude  arguamnts  to  ellnlnate  some  of  the  perturbation 
tens,  as  is  cononly  done  in  boundary  layer  analyais,  the  vectors  to  be 
Inserted  in  equation  [1]  have  been  derived  by  V.  F.  Walker  as: 


[3] 


Here  the  "bars"  indicate  time-average  values  in  a  turbulent  region, 
and 


G  represents  the  turbulent  transport  mechanism,  and  is  derived  from 
Goertler*s  functional  representation  of  turbulent  (eddy)  viscosity.  X.  Is 
here  the  distance  from  the  start  of  the  jet  mixing,  Ua  is  the  veloc  ty  of 
the  flow  adjacent  to  the  mixing  region,  and  T  Is  the  experimentally 
determined  jet  spreading  rate  parameter.  For  subsonic  flows,  T  has  been 
well  established  to  be  between  11  and  12.  Thus 

^  ^  0.004  ^  *j 
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THE  DIFFERENCE  EQUATION  FORMS 


Following  the  approach  of  Rusanov,  the  differential  equations  [1],  with 
[3]  inserted  were  written  in  difference  form,  using  central  differences  in 
space  and  forward  differences  in  tine.  Let  the  superscript  N  indicate  a 
particular  time  plane,  and  N  +  1  the  next  successive  calculation  in  time. 

The  properties  at  any  point  at  time  N  +  1  can  then  be  computed  based  on  the 
properties  at  time  N  at  that  point  and  the  four  adjacent  points.  The  loca¬ 
tion  of  the  point  being  computed  will  be  given  by  the  subscripts:  m  indicates 
the  mesh  location  in  the  x-direction  and  L  in  the  y-direction.  Thus, 

(m  •  1,  i)  if  the  point  is  to  the  left,  (m,  L  +  l)  is  the  point  above,  etc. 


The  second  line  of  [4]  contains  the  artificial  viscosity  terms.  The 
details  of  thebe  will  b<»  omitted  here,  but  are  available  in  references  (14) 
and  (15)>  or  In  the  translation  of  Rusanov's  paper  (10).  The  actual  dis¬ 
sipation  terms  (turbulent  viscosity)  perform  the  same  stabilizing  function 
as  the  artificial  diffusion  terms.  Therefore,  these  fictional  terms  can  be 
greatly  reduced  in  magnitude  when  computing  fields  with  viscosity  Included. 

The  axi-symmetrlc  form  of  equations  [l]  through  [4]  can  be  readily 
derived  and  involves  only  the  addition  of  a  term  to  [l],  increasing  the 
computing  complexity  by  about  40  per  cent. 

Boundaries  of  two  types  can  be  formulated  to  set  the  size  of  the  field 
to  be  computed.  Solid  walls  are  represented  by  setting  the  velocity  com¬ 
ponent  normal  to  the  wall  equal  to  ze^o.  Any  fluid  flow  plane  along  which 
conditions  are  known  can  be  used  as  an  open  boundary  by  simply  inserting 
values  at  every  time  plane. 

For  a  steady  flow  problem,  initial  conditions  are  Inserted  at  every 
point  which  are  reasonable  approximations  of  the  actual  flow.  The  compu¬ 
tations  then  are  programmed  to  proceed  polnt-by-polnt  from  the  boundaries 
to  cover  the  field,  advance  to  a  later  time  and  again  compute  all  points 
in  the  Held.  The  steady  Rtate  is  reached  asymptotically.  The  better  the 
initial  representation,  the  shorter  the  time  required.  The  size  of  each 
time  step  is  proscribed  by  stability  requirements. 

For  non-steady  flows,  the  open  boundary  conditions  can  be  varied  with 

time. 


9 


* 


EXAMPLE 

In  connection  with  the  Ph. D.  thesis  of  William  F.  Walker,  a  computation 
of  a  turbulent  jet  issuing  from  a  slit  nozzle  at  a  Mach  number  of  2.0  into 
a  symmetrical  cavity  has  been  made.  The  initial  field  representation  was 
purposely  a*de  poorly.  The  pressure  was  taken  as  equal  to  that  of  the  exit 
plane  of  the  nozzle,  and  the  velocity  profile  of  the  nozzle  exit  plane 
was  extended  down  the  centerline  unchanged. 

Computations  on  an  IBM  709^  solved  the  four  basic  equations  at  90 
points  per  second  at  a  cost  of  $0.15.  The  field  contained  800  points  in 
the  half  plane.  (Only  half  of  the  field  was  required  due  to  the  symmetry.) 
Thus,  each  time  plane  was  computed  for  $1.55*  To  Insure  that  the  asymptotic 
limit  had  been  closely  approached,  1000  time  planes  were  computed. 

The  results  are  shown  in  Figures  1  and  2.  The  final  velocity  profile 
closely  corresponds  to  the  Gaussian  profile,  which  has  been  verified  experi¬ 
mentally.  Jet  spreading  rates  are  not  easy  to  check  in  this  case,  due  to 
the  pressure  gradients.  The  pressure  field  is  shown  in  Figure  3*  The 
pressure  values  have  been  normalized  with  respect  to  the  nozzle  exit  plane 
p^-e^sure.  It  can  be  seen  that  the  jet  experiences  a  rapid  expansion  to 
alnut  70  per  cent  of  the  nozzle  exit  pressure.  The  pressure  field  is,  of 
course,  dependent  on  the  proximity  of  the  bounding  walls.  In  this  case,  the 
downstream  pressure  was  adjusted  to  avoid  an  opposing  back  pressure. 

It  is  felt  that  the  physical  features  of  the  flow  field  are  well 
represented.  Use  can  be  made  of  intuition  in  the  initial  conditions,  and 
the  method  can  be  extended  to  include  multiple  jets,  receivers,  and  non¬ 
steady  problems.  Work  is  in  progress  at  Oklahoma  State  University  to  put 
the  equations  in  a  simplified  form  for  incompressible  flows,  for  laminar 
boundary  layer  computations,  and  for  shock-boundary  layer  interactions. 
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FIGURE  2 


PRESSURE  MAP  OF  FULLY  DEVELOPED  FIELD 
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ABSTRACT 


The  erfect  of  sound  on  a  jet  of  helium  exhausting  into  air  at  ambient 
pressure  and  room  temperature  was  investigated  on  the  HDL  Schlieren 
apparatus. 

Acoustic  signals  from  50  to  4000  cps  injected  into  a  tank  upstream 
of  the  nozzle  caused  a  laminar  jet  to  break  up  into  turbulence  or  the 
transition  region  of  a  turbulent  jet  to  move  upstream. 

The  results  indicate  that  the  region  of  jet  sensitivity  is  within 
the  region  of  jet  instability  as  described  by  Chanaud  and  Powell. 
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1.  INTRODUCTION 


The  effect  of  a  sinusoidal  acoustical  disturbance  on  the  stability  of 
a  jet  of  helium  exhausting  into  air  at  ambient  pressure  and  room  temperature 
has  been  investigated  by  the  use  of  the  HDL  Schlieren  apparatus. 

The  Schlieren  equipment  (ref  1)  produces  an  optical  image  whose 
intensity  varies  with  the  density  gradient  of  fluid  in  a  test  section. 

It  is  thus  possible  to  observe  the  changes  of  density  gradient  associated 
with  the  onset  of  turbulence  in  the  section. 

As  an  example,  figure  1  shows  a  photograph  of  the  jet  in  the  test 
section  before  and  after  the  jet  is  exposed  to  a  sound  field.  The 
turbulence  and  increased  spreading  of  the  jet,  absent  in  figure  1(a), 
are  clearly  visible  in  figure  1(b).  Helium  was  used  in  the  experiment  to 
enhance  visualization. 

The  power  jet  pressure  Pq  is  increased  sufficiently  above  ambient 
pressure  Pr  so  that  in  the  absence  of  sound  the  point  of  transition  irom 
laminar  to  turbulent  flow  occurs  at  the  center  of  the  test  section,  as 
in  figure  1(b).  The  application  of  sound  causes  the  transition  region 
to  move  closer  to  the  nozzle.  Removal  of  the  sound  allows  the  jet  to 
return  to  its  undisturbed  condition. 

Measurements  were  taken  of  power  jet  pressure  and  the  frequency  of 
sound  to  break  up  the  jet  for  two  configurations.  One  was  a  circular 
nozzle  without  cover  plates  and  the  other  was  a  rectangular  nozzle  with 
cover  plates.  The  Reynolds  number  and  Strouhal  number  were  calculated 
for  both  jets  from  the  above  data,  the  kinematic  viscosity  of  the  helium 
and  the  geometry  of  the  nozzles. 

The  experimental  procedure  is  described  and  the  results  are  compared 
with  the  work  of  Chanaud  and  Powell  (ref  2  and  3). 
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Figure  1.  Effect  of  injecting  sound  into  the  power  nozzle  of  a  jet  of  helium  exhausting  into 


2.  EXPERIMENTAL  PROCEDURE 


Circular  Nozzle 

A  diagram  of  th«  experimental  satup  for  tha  circular  nozzle  without 

covar  plataa  la  shown  in  figura  2.  Tha  powar  jat  presaura  waa  adlustad 
2 

to  62  N/m  above  aabien+.  Tha  Reynolds  number  (R  -  Uq  D/v  )  was  910, 

whara  Uq  is  tha  maun  ralocity  of  fluid  at  tha  nozzla  axit  in  m/sec,  D  is 

tha  nozzla  diameter  in  a,  and  v  is  tha  kinematic  viscosity  of  helium  in 
2 

m  /sac.  A  1-kc  acoustic  signal  was  ganaratad  by  tha  acoustic  driver, 
which  fad  into  a  tank  upstraam  of  tha  powar  jet  nozzla.  Tha  amplitude 
was  increased  until  tha  transition  point  moved  from  tha  window  edge  to 
about  tha  canter  of  tha  window,  as  shown  in  figura  1(b).  This  was 
repeated  for  various  other  frequencies. 

Tha  same  procedure  was  utilized  whan  tha  powar  jat  pressure  was 

ff 

reduced  to  31  —  ,  giving  a  Reynolds  numbar  of  640. 

IB 

Rectangular  Nozzla 

For  studying  tha  rectangular  nozzla  with  cover  plates,  another 
apparatus  was  used  (fig.  3).  Tha  nozzle,  which  was  sandwiched  between 
the  rover  plates  of  the  test  section,  was  fed  from  a  cylindrical  tank> 
which  had  inputs  for  the  sound,  helium  flow,  tank  static  pressure,  and  a 
pressure  transducer.  Tha  same  sound-producing  arrangement  was  used  in 
both  experimental  configurations.  The  pressure  transducer  was  used  to 
observe  tha  waveform  in  tha  tank. 

2  2 

Power  jat  pressures  of  98  N/m  and  30  N/m  were  used,  yielding 

Reynolds  numbers  (R  *  Uq  d/v )  of  357  and  195,  respectively  where  d 
is  the  nozzle  width  in  m. 

3.  EXPERIMENTAL  RESULTS 


Both  the  circular  jet  and  rectangular  jet  were  sensitive  to  sound  over 
the  frequency  range  from  50  to  4000  cps.  Applying  the  sound  caused  the 
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Figure  2.  Experimental  Apparatus  for  Studying  the  Circular 
Nozzle  in  the  Schlieren  System. 


Figure  3.  Apparatus  for  Studying  the 
Rectangular  Nozzle  in  the 
Schlieren  System 
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laminar  jat  to  break  up  into  turbulence  and  caused  the  transition  region 
of  the  turbulent  jet  to  move  closer  to  the  nozzle.  Removing  the  sound 
signal  allowed  the  jet  to  revert  to  the  undisturbed  state. 

The  results  obtained  can  be  compared  with  the  work  of  R.  C.  Chanaud 
and  A.  Powell  in  references  2  and  3.  They  found  that  for  a  free  jet  of 
air  exhausting  into  air,  the  significant  parameters  are: 

1.  Reynolds  number  at  the  nozzle  exit  (Uq  a /  v ) 

2.  Strouhal  number  S  =  (f  f/U  ),  where  f  is  the 

o 

disturbance  frequency  in  cycles/second,  a  is  a 
characteristic  length,  and  Uq  is  a  characteristic 
velocity 

3.  The  nondiraensionalized  disturbance  amplitude,  and 

4.  Velocity  profile  of  the  jet. 

To  aviid  investigating  the  fourth  parameter,  they  attempted  to  maintain 
a  parabolic  velocity  profile. 

In  figure  4  the  Schlieren  experimental  points  are  plotted  in  a 

Reynolds -Strouhal  diagram  (ref  2,  p.  914).  The  Strouhal  numbers  were 

calculated  from  the  formula  s  s  for  the  circular  jet  and  S  =  ~ 

o  o 

for  the  rectangular  jet,  where  the  symbols  have  their  previous  meaning. 

The  theoretical  curve  of  neutral  stability  for  a  free  jet  shown  in  this 
figure  is  a  curve  above  which  the  flow  is  stable  and  below  which  the  flow 
is  unstable  and  easily  broken  up  by  sound.  The  dashed  curves  labelled 
A  ,  A  ,  A  ,  and  A  denote  theoretical  curves  of  constant  sensitivity; 

X  /  <3  H 

that  is,  the  intensity  (power  per  unit  area)  of  sound  to  break  up  the  jet 
is  the  same  for  all  values  of  R  and  S  along  one  of  these  curves.  The 
sound  intensity  is  less  for  R  and  S  values  toward  the  center  of  the 
diagram,  which  means  that  curve  A?  represents  points  of  the  jet  that 
are  more  sensitive  than  A^,  etc. 

The  Schlieren  data  points  for  the  circular  free  jet  fall  in  the  sensi¬ 
tive  region  of  figure  4.  The  data  points  for  the  rectangular  confined 
jet  have  also  been  plotted  in  figure  4.  They,  too,  fall  within  the 


25 


STROUHAL  NUMBER «  1  8/U 


•  CIRCULAR  FREE  JET 


26 


sensitive  range  of  the  jet  but  are  displaced  to  th*  region  of  low  Reynolds 
numbers  and  low  Strouhal  numbers.  The  effect  of  the  top  and  bottom 
plate  probably  was  the  major  cause  of  this  displacement. 

CONCLUSIONS 


The  laninar  jet  is  sensitive  to  acoustical  disturbances  injected  into 
the  flow  upstream  of  the  nozzle.  The  sensitive  region  of  the  jst  is 
from  50  to  4000  cps. 

It  was  shown  that  the  region  of  jet  sensitivity  is  in  the  region  of 
jet  instability,  as  described  .  in  the  literature.  The  confined 
rectangular  jet  is  sensitive  to  sound  frequencies  yielding  Reynolds 
and  Strouhal  numbers  somewhat  below  tne  values  predicted  for  a  free  jet. 
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ABSTRACT 


An  explanation  la  given  for  the  effect  of  sound  on  the  reattachment 
point  of  a  jet  to  an  offset  wall.  The  explanation  depends  on  combining 
the  movement  of  the  reattachment  point  with  Jet  Reynolds  number  and  the 
effect  of  sound  on  the  transition  region  of  a  Jet  from  laminar  to  turbulent 
flow.  The  movement  of  the  reattachment  point  with  sound  amplitude 
is  found  to  be  due  to  changing  the  location  of  the  transition  region. 
Typical  experimental  results  arc  described. 
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INTRODUCTION 


There  has  been  a  belief  at  RDL  that  sound  could  move  the  reattachment 
point  of  a  Jet.  Experimental  observations  have  Justified  this  belief. 
However,  there  was  no  explanation  fc.-  this  phenomenon.  The  following 
explanation  is  given  as  to  why  the  reattachment  of  a  Jet  to  an  offset 
wall  should  be  affected  by  sound.  The  explanation  involves  a  discussion 
of  the  Co^  da  effect,  Jet  stability,  and  finally  a  combination  of  the 
two.  Finally,  a  series  of  experiments  are  discussed  which  confirm  the 
expected  resu’ts. 

DISCUSSION 

A .  The  Effect  of  Reynolds  Number  on  Wall  Attachment 

The  reattachment  of  a  jet  to  an  adjacent  wall,  due  to  the  Coanda 

effect,  has  been  discussed  by  numerous  authors.  It  has  been  reported 

that  the  reattachment  point  varies  with  the  Reynolds  number  in  the 

following  manner  (references  1,  2,  and  3):  Firstly,  there  is  a 

minimum  Reynolds  number  below  which  the  jet  will  not  attach  to  the  wall. 

This  minimum  Reynolds  number  is  a  function  of  the  aspect  ratio  of  the 

nozzle  and  levels  off  at  a  value  of  approximately  200  at  high  aspect 

ratios.  Two  hundred  is  the  value  often  used  for  the  t-r  -sition  Reynolds 

number  for  laminar  to  turbulent  flow  in  a  two-dimensional  Jet.  The 

variation  of  minimum  Reynolds  number  with  aspect  ratio  for  a  double 

sided  element  is  shown  in  Figure  It  Secondly,  there  is  a  maximum 

4 

Reynolds  number  of  approximately  10  above  which  the  reattachment  point 
i 8  independent  of  the  Reynolds  number.  Between  these  two  limits  the 
reattachment  point  varies  with  Reynolds  number. 

It  was  observed  in  water  table  jets  that  after  the  minimum  Reynolds 
number  is  reached  and  th*_  Jet  atta^ues  to  the  vail  a  further  increase 

in  the  Reynolds  number  moves  the  transition  region  of  the  Jet  nearer 
the  nozzle  and  moves  the  reattachment  point  upstream.  This  effect 
continues  until  the  transition  point  is  at  the  exit  of  the  noozle.  This 
corresponds  to  the  maximum  Reynolds  number  mentioned  earlier. 

•Figures  appear  on  pages  37  through  46. 
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Thlt  affect  was  investigated  by  Chapman  et  al  (reference  4). 

The  laportance  of  the  location  of  the  transition  region  la  shown  in 
Figure  2  where  P.  le  the  pressure  in  the  separation  bubble  and  P'  is 

U 

the  pressure  after  reattachment.  The  condition  for  equilibrium  to  exist 
is  that  the  flew  reversed  into  the  bubble  must  equal  the  flow  entrained 
out  of  the  bjbble  by  the  Jet.  When  the  transition  region  moves  from 
A  to  B,  the  entrained  flow  Increases  because  more  of  the  jet  is  turbulent 
and  the  reverse  flow  decreases  because  the  increased  turbulent  mixing 
has  given  more  of  the  Jet  a  sufficient  velocity  to  overcome  the  pressure 
rise  at  reattachment.  The  two  mass  flow  curves  now  Intersect  at  a  new 
equilibrium  point.  This  represents  the  new  reattachment  point. 

B.  The  Effect  of  Sound  on  a  Free  Jet 


The  effect  of  sound  on  a  free  jet  is  included  in  the  subject  of 
hydrodynamic  stability.  A  good  discussion  of  this  is  given  by  A.  Powell 
(reference  5).  Further  understanding  has  come  from  studies  on  the  HDL 
Schlleren  system.  In  short,  it  is  well  established  that  a  jet  of  Reynolds 
number  less  than  about  3000  is  sensitive  to  sound.  For  a  given 
Reynolds  number  in  this  range,  there  corresponds  a  sound  frequency  to 
which  the  Jet  is  most  sensitive.  A  microscopic  input  of  sound  will 
appear  as  a  macroscopic  change  in  the  jet.  Sound  will  cause  a  laminar  Jet 
tc  break  up  into  turbulence  in  a  much  shorter  distance  than  with  no 
sound.  If  the  amplitude  of  the  sound  is  then  Increased  (at  this  sensitive 
frequency),  the  transition  region  from  laminar  to  turbulent  flow  will 
move  toward  the  Jet  orifice.  Finally,  the  amplitude  can  be  Increased  to 
a  value  sufficient  to  move  the  transition  point  to  the  nozzle  exit. 

C.  The  Effect  of  Sound  on  Wall  Attachment 


By  combining  the  effect  of  sound  on  a  sensitive  jet  and  the  effect 
of  the  transition  region  of  a  separated  Jet  on  its  reattachment  point, 
the  effect  f  sound  on  an  attaching  jet  can  be  explained.  Starting  with 
an  attached  Jet,  a  sensitive  frequency  of  very  small  amplitude  will  dis¬ 
turb  the  Jet.  Increasing  the  sound  amplitude  will  move  the  reattachment 
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point  toward  the  nozzle  by  causing  the  transition  region  to  move  toward 
the  norrle.  This  will  continue  until  the  transition  region  of  the  Jet 
is  at  the  nozzle  exit  at  which  time  the  reattachment  point  has  reached  its 
maximum  upstream  position. 

The  movement  of  the  reattachment  point  caused  by  a  sound  input  In  the 
power  nozzle  Is  shown  in  Figure  3.  In  the  first  photograph  [3(a)], 
the  attached  Jet  Is  shown  without  a  sound  input.  In  succeeding  photo- 
griphs  [3(b)  to  3(f)],  the  sound  amplitude  Is  continuously  Increased. 

Figure  3(f)  is  the  mAxim-m  upstream  position.  While  taking  these  pictures, 
it  was  noted  that  increasing  the  sound  amplitude  beyond  that  needed 
to  move  the  reattachment  point  to  Its  maximum  upstream  position  caused 
the  reattachment  point  to  move  downstream.  This  movement  is  not 
predicted  by  the  previous  explanation  and  will  be  investigated  in  the 
experiments  which  will  obtain  quantitative  values  of  both  the  upstream 
and  downstream  motion  of  the  reattachmcnt  point. 

THE  EXPERIMENT 

A .  Experimental  Apparatus 

The  tests  were  conducted  with  an  adjustable  wall  and  a  nozzle  with 
an  aspect  ratio  of  8.  The  unit  had  top  and  bottom  cover  plates.  The 
setback  (SB)  of  the  wall  could  be  varied  from  zero  to  se^en  nozzle 
widths  and  the  wall  angle  (o)  could  be  varied  from  zero  to  twenty-five 
degrees.  There  were  forty-eight  static  pressure  probes  along  the  wail 
spaced  one  nozzle  width  (.7''  mm  )  apart 

The  pressure  distribution  along  the  wall  was  measured  with  a 
Scanlvalue  using  a  variable  reluctance  transducer  and  a  carrier  amplifier. 
The  pressure  distribution  was  plotted  on  an  X-Y  recorder. 

The  velocity  at  the  nozzle  exit  was  measured  with  a  constant  temDera- 
turc  hot-wire  anemometer  using  a  platinum-coated  tungsten  wire  (.005-mm  D) . 

The  sound  was  generated  by  an  audio  oscillator  and  amplified  by  a 
40  Watt  audio  amplifier  which  drove  a  hi-fi  speaker.  The  sound  was 
introduced  into  the  unit  by  a  transmission  line  terminating  opposite  the 
wa  1 1 . 
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The  sound  was  measured  with  a  microphone  placed  in  the  top  cover 
plate.  The  output  of  the  microphone  was  sent  through  a  preamplifier 
and  an  amplifier  and  displayed  on  a  storage  oscilloscope. 

B .  Test  Procedure 

The  wall  angle,  setback,  and  velocity  were  set  at  the  desired  values. 
The  pressure  distribution  along  the  wall  was  recorded  with  no  sound 
input.  At  this  point,  the  sound  was  turned  on  at  the  desired  frequency. 
The  initial  amplitude  was  barely  audible.  The  pressure  distribution  was 
recorded  for  this  amplitude.  The  amplitude  was  then  increased  gradually 
and  the  pressure  distribution  was  recorded  for  each  value  of  sound 
amplitude . 

C .  Experimental  Results 

Flgu'e  U  shows  the  typical  wall  pressure  distributions  which  were 
obtained.  With  a  sound  input  of  small  amplitude,  the  pressure  in  the 
separation  bubble  decreased  and  the  point  of  maximum  pressure  moved 
upstream.  As  the  point  of  maximum  pressure  occurs  slightly  downstream  of 
the  point  of  reattachment,  the  change  'n  its  position  can  be  considered 
a  good  approximation  of  the  change  in  the  position  of  the  reattachment 
point.  Figures  5  and  6  illustrate  the  movement  of  the  point  of  maximum 
pressure  with  increasing  so  ind  amplitudes.  Significant  upstream  move¬ 
ments  are  obtained  with  extremely  small  sound  inputs.  These  results  are 
precisely  what  was  predicted  by  the  qualitative  analysis.  The  downsti 'am 
movement  was  also  observed  at  much  higher  sound  amplitudes. 

Although  it  was  not  the  purpose  of  the  experiment,  interesting  and 
significant  results  were  obtained  from  the  curves  taken  with  no  sound 
input.  These  results  are  shcsm  in  Figures  7  and  8.  These  figures  show 
that  the  reattachment  point  is  a  function  of  the  Reynolds  number  at 
Reynolds  numbers  of  less  than  1000  for  an  aspect  ratio  of  8.  This  is 
approximate  ly  five  times  the  minimum  Reynolds  number  for  this  aspect 
ra*-  io. 
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CONCLUSIONS 


1.  Fcr  law  Reynolds  numbers,  frequencies  within  the  sound-sensitive 
range  will  affect  the  location  of  the  reattachment  point. 

2.  The  upstream  movement  of  the  reattachment  point  with  low 
amplitude  sound  inputs  is  caused  by  a  corresponding  upstream  movement 
of  the  transition  region  of  the  Jet. 

3.  Very  high  amplitude  inputs  (compared  with  those  for  the  upstream 
movement)  will  move  the  reattachment  point  downstream  of  its  maximum 
upstream  location. 

4.  The  location  of  the  reattachment  point  cannot  be  assumed  to  be 
independent  of  the  Reynolds  number  for  Reynolds  numbers  less  than  five 
times  the  minimum  Reynolds  number. 
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Figure  2.  Movement  of  the  reattachment  point  with  a  varying 

Jet  transition  point. 
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Figure  3.  The  effect  of  sound  on  a  Jet  reattaching  to 
an  offset  wall. 
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Figure  3.  The  effect  of  sound  on  a  jet  reattaching  to 
an  offset  wall. 
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Figure  3.  The  effect  of  sound  on  a  jet  reattaching  to 
an  offset  wall. 
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Figure  7.  The  effect  of  Reynolds  number  and  wall  angle 
on  the  location  of  the  maximum  wall  pressure. 
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TRANSITION  TO  TURBULENCE  AND  *ALL  ATTACHMENT  OF  MINIATURE  JETS 
by  E.F.  Richards  and  S.D.  Graber  of  Martin/Orlando 


INTRODUCTION 

Fluidic  digital  techniques,  as  did  their  electronic  predecessors, 
yield  precise  unambiguous  output  information  even  though  component 
parameters  drift,  or  ther^  is  a  very  low  signal  to  noise  ratio.  Unfor¬ 
tunately  binary  representations  of  fairly  simple  functions  often  re¬ 
quire  thousands  of  discrete  logic  elements;  each  element  must  respond 
just  enough  that  the  overall  rate  is  suitable  for  practical  use.  For 
example;  a  digital  mechanization  using  only  a  few  levels  of  logic  re¬ 
quires  element  operating  rates  of  about  20  micro  seconds  to  interface 
with  a  3  cps  control  system. 

Since  operating  rates  are  limited  by  element  size  and  interconnect¬ 
ing  line  length,  size  reduction  provides  a  compound  improvement.  Mini¬ 
aturization  also  decreases  volume,  weight,  power  requirement,  and  en¬ 
hances  dynamic  stability  since  the  resonant  frequency  of  the  short  pass¬ 
ages  is  usually  greater  than  the  elements'  response.  Unfortunately  as 
the  size  of  a  fluid  jet  is  reduced  it  becomes  progressively  more  dif¬ 
ficult  to  sustain  or  induce  t.ae  turbulence  necessary  for  efficient 
fluidic  elements. 

This  paper  discusses  the  phenomenon  of  transition  to  turbulence  and 
wall  attachment  in  miniature  jet  devices.  Appropriate  analytical  pro¬ 
cedures  are  developed,  a  computerized  solution  discussed,  and  a  visual¬ 
ization  technique  for  correlating  results  is  described. 

TRANSITION  TO  TUR3ULENCE  IN  NOZZLES  AND  JETS 

In  order  to  obtain  a  turbulent  flow  pattern  an  appropriately  de¬ 
fined  critical  Reynolds  number  must  be  exceeded.  For  a  fluid  jet  with 
a  sufficient  aspect  ratio  ana  converging  nozzle  this  parameter  is  con¬ 
veniently  taken  as 

R 

A* 

where  ^  =  density,  V  =  mean  velocity,  b  =  jet  width,  =  viscosity, 
and  the  subscript  "o"  denotes  conditions  at  the  nozzle  exit.  If  the 
nozzle  width  is  decreased  at  a  constant  pressure  level  the  efflux  veloci¬ 
ty  V  decreases  due  increased  viscous  action  in  the  nozzle.  This  may 
cause  a  small  change  in  if  the  operating  fluid  is  a  gas  and  the  pres¬ 
sure  level  is  sufficiently  high.  For  the  most  part,  however,  the  Reynolds 
number  decreases  in  proportion  to  b  .  Eventually  the  Reynolds  numbe" 
becomes  too  small  and  the  jet  will  no  longer  be  fully  turbulent.  Similar 
effects  are  observed  if  th«  aspect  ratio  of  the  nozzle  is  decreased. 
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Ideally,  the  flow  should  be  turbulent  in  the  nozzle  bection  in 
which  case  the  jet  flow,  being  less  stable,  would  be  fully  turbulent. 
However,  if  the  nozzle  flow  is  laminar,  the  jet's  turbulent  tran¬ 
sition  point  affects  the  required  element  configuration.  An  analysis 
of  transition  in  nozzles  and  a  discussion  of  transition  in  jets  follows. 

NOZZLES 


At  typical  values  of  R  the  shear  layer  develops  very  little  in 
the  convergent  portion  of  the  nozzle.  The  flow  structure  in  the 
farallel  wall  portion  of  the  nozzle  is  thus  the  same  as  that  of  the 
laminar  inlet  problem;  see  figure  1.* 

The  flow  is  assumed  to  enter  the  channel  with  a  uniform  velocity 
V  .  Turbulence  is  often  intense  in  the  potential  core,  the  latter 
having  in  effect  an  infinite  Reynolds  number.  It  is  the  stability  of 
the  shear  layer  that  determines  the  gross  characteristics  of  the  flow. 

Schlicting  0 :168)  obtained  a  series  solution  to  the  laminai  in¬ 
let  problem.  His  results,  depicted  in  figure  2a  indicate  that  the 
fully  developed  parabolic  profile  exists  at  0.16,  where 

R„  =  N/**^<>-  Results  of  an  approximate  momentum  integral  solution  due 
to  Sparrow  (2,  3^3)  are  shown  in  figure  2b.  His  solution,  based  on 
assumed  velocity  profile  of  the  form 

AX  .  x.  ^ 

v,  ‘  (1) 


agrees  well  with  that  of  Schlicting.  For 
and  boundary  layer  thickness  he  obtains 

£ V 

iON/ 


the  potential  core  velocity 


(2) 


(3) 


where  x  - 

v  -- 

3-  Vo. 

Eq.  (2)  integrates  to 

X  -  7^  (9  v  -  lU&wN/  '  "^n  '7-S) 


(M 


(5) 


The  rhear  layers  join  at  p  =  0.103  according  to  Sparrow’s  solution. 

Cl 


•f  igures  appear  on  pages  60  through  70. 


48 


To  determine  the  stability  of  the  Karman-Pohlhausen  velocity  profile 
given  b}  eq.  (1)  we  employ  results  due  to  Schlicting  and  Ulrich  (1:414). 
The  latter  have  obtained  the  curve  shown  in  figure  3  for  the  critical 
Reynolds  number  based  on  the  momentum  thickness  of  the  boundary  layer 
vs.  a  shape  factor  A.  defined  by 

«fiv, 

a  aT 


From  equations  (3)  and  (4)  we  obtain 

A-U'-voitr 

which,  using  equation  (2),  becomes 

A- 

V  -1 


(6) 


Applying  the  definition  of  the  momentum  thickness  to  the  profile  of  eq. 
(1)  we  obtain 


Then  from  equations  (3)  and  (4) 


Hence 


0 

V  ~  * 


AJ 


(l-  >v)  « 


(7) 


^  lies  in  the  domain  '  4.  i.  t  •  S’  (see  figure  2)  which  by  equation 
(6)  gives  for  the  range  of  J\_ 

0  A  <■  7-  \ 

tic  see  from  the  semi-log  plot  of  figure  3  that  for  the  range  of  A.  of 
interest  we  may  approximate  the  curve  by 
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'•ft- >9)  0-6>  4 


(Ra«^  Co 


(8) 


Then  setting  R,«  in  equation  (7)  equal  to  (  K,*)  ..in  equation  (8) 
we  obtain  v'ri 


\K( \  -  ‘/g^  ^  (b  ^ 


(9) 


For  values  of  V  between  1.0  and  1.5  we  may  obtain  A.  from  equation  (6) 
and  x  from  equation  (5).  Then  equation  (9)  may  be  solved  for  R  as  a 
function  of  x.  The  computed  results  of  this  procedure  up  to  R  =  18,000 
are  plotted  in  Figure  4.  The  loci  of  points  at  which  the  boundary  layers 
join  and  then  become  fully  developed  are  plotte  1  as  two  straight  lines 
in  the  figure.  For  R  less  than  7,177  transition  will  not  occur  before 
the  boundary  layers  coalesce.  C.C.  Lin  (1:399)  calculated  the  laminar 
stability  of  the  fully  developed  parabolic  profile,  obtaining  R  =  3,544 
as  shown  in  the  figure.  The  assumed  connection  in  the  region  bltween 
the  end  of  the  potential  core  and  the  existence  of  the  fully  developed 
profile  (which  strictly  speaking  is  approached  asymptotically)  is  shown 
as  a  dashed  line.  The  plot  of  figure  4  includes  the  Reynolds  numbers 
generally  found  in  small  amplifiers.  Representative  values  of  the  above 
solution  at  higher  Reynolds  numbers  are  given  as  follows: 


19,178 

13.3 

22,385 

11.4 

27,738 

7.85 

38,461 

4./? 

70,679 

2.16 

With  a  channel  of  reasonable  length,  say  10  channel  widths,  a  Reynolds 
number  greater  than  23,000  is  required  to  obtain  turbulence  within  the 
channel  section.  With  the  Reynolds  number  encountered  in  miniature 
amplifiers  (typically  10,000  or  less)  and  typical  nozzle  lengths,  tran¬ 
sition  will  not  occur  in  the  nozzle  section. 

FREx.  JETS 


The  results  of  the  previous  section  indicate  that  for  most  turbulent 
jets  encountered  in  small  fluid  amplifiers  turbulence  must  be  initiated 
in  the  jet  itself.  The  first  successful  prediction  of  a  critical  Reynold 
number  fcr  two-dimensional  jet  flow  was  made  by  Curie  (4),  in  1937.  He 
obtained  the  expression 


M 


i  + 


0 


5". 


■*>  SH**, 


(10) 
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where  R^  is  the  critical  Reynolds  based  on  the  mean  efflux  velocity  and 
nozzle  width  and  x  is  the  distance  from  the  nozzle  exit  at  which 
transition  occurs.  To  determine  the  Reynolds  number  for  a  fully  developed 
jet  we  set  x  =  0  a*' 4  obtain  =  4. 

Tatsumi  and  Kaxutani  (5),  in  195^,  obtained  a  neutral  stability  curve 
which  they  considered  to  be  more  accurate  in  shape  than  Curie's  but  which 
predicts  essentially  the  same  critical  Reynolds  number.  Curie  had  stated 
that  this  value  seen s  quite  low  but  referred  to  experiments  by  Andrade 
(6  )  that  indicate  that  transition  occurs  in  jets  with  R  in  the  neighbor¬ 
hood  of  10.  Schlict:ng  (1:168)  quotes  the  critical  value  of  30  from 
Andrade's  experiments.  In  Andrade's  experiments  however  turbulence 
usually  wasn't  indicated  until  some  30  or  more  nozzle  widths  from  the 
exit.  For  any  value  of  we  would  expect  transition  at  some  point  down¬ 
stream  so  the  statement  is  not  actually  justified. 

Chanaud  and  Powell  (7)  and  Sato  and  Sakao  (8  )  have  experimentally 
investigated  transition  in  two-dimensional  jet£.  Neither  pair  of  authors 
verifies  nor  conclusively  discounts  the  theoretical  predictions. 

In  order  to  predict  the  critical  Reynolds  number  the  linearized 
Navier-Stokes  equations  are  reduced  to  the  Orr-Sommerfeld  equation  by 
the  assumption  of  parallel  flow.  Calculations  by  Sato  and  Sakao  demon¬ 
strate  the  doubtful  validity  of  the  mathematical  consequences  of  this 
assumption  at  the  low  Reynolds  number  of  4. 

These  studies  of  laminar  jet  stability  assume  a  fully  developed  jet 
profile.  However  a  parabolic  profile  is  not  usually  attained  in  the 
nozzle  and  the  fully  developed  jet  profile  would  not  exist  until  some 
distance  beyond  the  nozzle  exit.  Thus  a  stability  analysis  ignoring 
the  transition  zone  would  not  be  completely  adequate. 

The  distance  between  the  points  of  instability  and  transition  depend 
to  a  marked  degree  on  the  intensity  of  turbulence  in  the  potential  core. 

A  highly  turbulent  potential  core  can  be  instrumental  in  facilitating 
transition  in  the  jet.  Hence,  a  shorter  nozzle,  less  capable  of  damping 
the  turbulent  fluctuations,  may  sometimes  be  preferable.  A  short  nozzle 
also  is  preferable  from  the  standpoint  of  predictability,  since  a  nearly 
uniform  velocity  profile  at  the  exit  results  in  simple  initial  conditions 
facilitating  the  analysis  of  the  turbulent  jet  as  performed  in  the  next 
section. 


IEOMSTRIC  RE^UIRiXQfTS  FOR  3ISTABLE  OPERATION 

Having  established  turbulence  the  problem  becomes  that  of  determining 
a  minimum  sized  geometry  that  will  insure  bistable  ope  ation.  Brown  (9) 
recognized  that  attachment  is  caused  by  a  static  instability  of  the  jet  in 
its  center  position.  He  obtained  a  mathematical  criterion  based  on  flow 
equilibrium  which  required  experimental  load-flow  curves  for  implementation. 
Recently  an  analysis  by  Simson  (10)  was  coupled  with  a  stability  criterion 
based  on  force  equilibrium  to  obtain  a  theory  requiring  little  or  no  experi¬ 
mental  data  (11).  The  results  were  shown  to  be  derivable  from  either  the 
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flow  or  force  equilibrium  criterion.  This  analysis  has  since  been  extended 
at  Martin/Orlando  to  include  low  Mach  number  compressible  jets  (essentially 
subsonic  and  perfectly  expanded  sonic  jets). 

The  nomenclature  used  in  the  following  analysis  is  depicted  in  figure 
5  and  the  associated  list. 

For  small  deflections  the  centerline  of  the  jet  deflects  as  a  circular 
arc.  The  lateral  component  of  the  jet  reaction  can  be  expressed  as: 

3.^©=  T„e  (n) 

The  force  due  to  the  unbalanced  pressure  acting  on  the  jet  is  given  by 

02) 


The  mass  flow  coming  into  the  control  region  from  the  environment  is 


(13) 


where  C.^is  an  experimentally  determined  coefficient  with  possible  values 
Oi.c*M(  C4  =  1  for  inviscid  flow)  and  Y  is  an  expansion  coefficient 
(Y  =  1  for  incompressible  flow).  Noting  that  WCx  in  the  absence  of 

control  lines,  we  obtain  from  £q.  (13) 


— A 


(14) 


We  will  assume  that  the  entrained  flow  changes  negligibly  with  curvature  and 
henceW«,  const.  (It  is  snown  in  reference  11  that  changes  in^£ 

have  very  little  effect  on  center  pjsition  stability.  Writing  the  relation 
analogous  to  Eq.  (14)  for  side  2,  subtracting  the  two  equations  and  sub¬ 
stituting  into  Eq.  (12)  gives 

F  \_!_ 

From  the  geometry  of  the  jet  we  have 


V  = 


J 


% 


b 


* 


z. 
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where  b.  is  the  width  of  the  jet  at  x  =  x^_ . 


Therefore, 


^  _t _ 

M'  (('-%S 


(15) 


The  criterion  for  center-position  stability  is 


c)  F, 


H\ 


^,-o 


> 


»  o 


Assuming  and  Y  remain  constant  for  small  deflections,  application  of 
the  above  criterion  to  equations  (11)  and  (15i  gives 


(16) 


It  now  is  necessary  to  determine and  "X  for  the  compressible  jet.  Here 
we  will  restrict  ourselves  to  low  mach  number  flows  for  which  the  following 
assumptions  should  provide  reasonable  accuracy: 


1.  The  velocity  profile  and  half  width  of  the  jet  remain  the  same  as 
for  the  incompressible  case. 

2.  Adiabatic  (isoenergetic )  mixing  occurs  in  the  jet. 

3.  The  nozzle  flow  ir  perfectly  expanded. 

*4.  Perfect  gas. 


Subject  to  these  assumptions,  we  have 


(17) 


where  the  subscript  "o"  denotes  static  conditions  at  the  nozzle  exit. 
From  the  energy  eq.  for  adiabatic  flow 


c,t+  i-M’-*  cyr.  + 
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which  gives 


T  - 


T 


c*t. 


-  \ 


From  the  definition  of  Mach  number  we  obtain 

Combining  Eqs.  (17)  and  (l8)  giver 

The  jet  mars  flow  rote  at  station  x  is  given  by 

v v*.  +S. 

uj  --  S  u‘  )  ^  z. 


_  w. 


- 

U 


From  eq.  (10)  and  the  symmetry  ol  the  integrand 

W) 

vo 


uu;  ana  me  symmetry  oi  me  mcegrana 


rearranging 


w  jd _ c 

W.  1  k.<  CU/«^ 


^  ^  I  V 


(18) 


(19) 


(20) 


The  results  of  Simson  (10)  an'  now  employed  to  ex; rcss  the  velocity 
profile  as  a  function  of  x  and  y  in  the  zone  of  do\eloping(  \<L^L  ) 
and  developed  (*2l"K)  flow. 


X  < 


AJL 

XL% 


<  X.)  (pot 


ential  core) 
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—  \  <  *^<  v  \  (shear  layer) 
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X  >  x 

\  X 


; 


-  \  <  n.  <  *  ' 


(21) 


»  8  k.  x 

Substituting  from  eq.  (21)  into  eq.  (20)  gives 

_  /  x_\  x  X  x/\ 

V^e  (  x  )  ^  ^L)  ^  X  ^  (* ) 


W 

UJ. 


2- 

3, 


_  122*  /  x  yx.  i  /  x_\ 

\y)  $>1*  y  J 

(>(«.)  =  ^  s' (.'  2-^ 


x  <  x: 


x  xx. 


(22) 


u-  0 -  tN 

A  numerical  evaluation  of  the  integral  of  eq.  (22)  is  presented  in  Table 

1. 


For  V  -  ^4  (air,  nitrogen,  etc.),  eqs.  (22)  becomes 

K 

*  *  '  +  ^ 

Noting  that  the  entrained  flow  is  given  by  W^-tU-u^,  we  obtain 


X  il. 
X  >  X 


X 


*V  I(>  fA.L  ' 

t  ,  4.  <K*-=r)  _ 


xix: 


w 


(23) 


X  > 


The  term  in  brackets  of  eq.  (23«)  is  plotted  vs.  Mach  number  in  figure 
6.  As  0 •  36^ as  obtained  by  Simson  (10)  for  an  incompressi¬ 

ble  jet.  Substituting  eq.  23  ihto  eq.  16  and  using  the  values  for  for 
the  incompressible  jet  from  reference  10,  we  obtain  the  geometrical  require¬ 
ments  for  stability; 
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X 


>“£. 


jhere  hrimes  denote  nondinensionalization  with  respect  to  b  . 

For  the  geometry  of  figure  5  we  relate  the  critical  value  of  4  to  the 
critical  value  of  ^  by 

Thus,  the  geometry  for  marginal  bistability  is  a  function  of  ^  f 
C*  and  Y.  Experiments  with  axi symmetrical  jets  indicate  that  the  potent¬ 
ial  core  length, X  ,  is  a  function  of  both  Reynolds  and  Mach  numbers  (12  - 
discussion  by  Baines,  13).  It  appears  that  with  hA,<  1.0,  Mach  number 
effects  are  unimportant.  Until  further  data  on  two-dimensional  jets  is 
available , X.  =  5.2  b  ,  based  on  iata  taken  at  pipe  Reynolds  numbers  between 
approximately  ^,000  and  10,000  (12  -  fig.  9)  is  recommended. 


Except  with  larged,  and V),  ,  compressibility  effects  in  the  atmospheric 
flow should  be  negligible  so  that  Y  =■  1.0.  If  not,  Y  may  be  determined 
from  compressible  flow  theory. and  fA,  may  also  be  determined  from 
compressible  flow  theory.  This  requires  a  determination  of  the  control  port 
pressure  which  may  V?  accomplished  by  assuming  1.0  or,  if  accuracy 

warrants  it,  lower  values  based  on  experimental  data  may  be  used.  Calcu¬ 
lations  based  on  <Vr  =  i.o  include  a  factor  of  safety  in  the  prediction  of 
bistability  since  frictional  and  compressibility  affects  in  (resulting 

in  <  1.0)  enhance  center-position  instability.  Agreement  with  ex¬ 

perimental  data  has  been  obtained  with  values  of  between  0.5  and  0.7. 

The  above  analysis  has  b^en  extended  (in  the  incompressible  case)  to 
include  control  flow  into  the  control  port  region  (which  has  a  stabilizing 
effect)  and  may  be  used  to  predict  line  resistances  for  bistability  (refer¬ 
ence  11). 

From  the  analysis  we  may  obtain  design  charts  such  as  that  of  figure  7 
which  plots  the  wall  angle  for  marginal  center  position  stability  vs. 
amplifier  leng* h  x  and  offse*  a  (here  for  the  case  of  incompressible  flow 
and  C<  =1.0;. 


» 
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FLO  * 


IZAiION  ai.irZ-'RINGil’iT 


Several  techniques  have  been  employed  to  indicate  the  onset  of  tur¬ 
bulence  in  fluid  flows.  Common  methods  include  hot  wire  anemomctry,  the 
u  e  of  pitot  tubes  to  detect  a  sudden  drop  in  dynamic  pressure,  and  optical 
methods.  The  latter  provides  less  juantitative  data  but  provides  useful 
information  concerning  the  flow  structure  and  influences  that  mi 'ht  other¬ 
wise  go  undetected.  Chanaud  and  Powell  obtained  useful  information  concern¬ 
ing  jet  stab  lity  by  m  nns  of  a  dye-marking  technique.  In  small  fluid 
■amplifiers  dye  marking  is  rather  cumbersome.  Injectors  cannot  be  con¬ 
veniently  placed  in  the  nozzle  of  miniature  devices  and  if  the  entire  jet 
flow  is  dyed  the  tests  cannot  be  run  continuously  without  eventually  dying 
the  control  region  as  well  an  1  makin  the  flow  field  difficult  to  ob;  f,rvc. 

A  birefringent  flow  visualization  t**chni  pic  has  ;roven  extremely 
useful  in  facilitating  direct  observition  of  the  flow  structure  existing 
in  labor »t ory  test  elements.  Gome  .ater-dye  solutions  will  behave  in  a 
manner  analogous  to  stress  sensitive  solids  ir.d  \  rovide  a  vivid  display 
of  lines  of  constant  sh  ar  in  a  flo<*in  li  juid.  A  beaut. ful  display  of 
laminar  flow  regimes  and  a  cleirly  defined  oint  cf  transition  may  be  ob¬ 
served.  The  location  of  a  turbulent  jet  can  be  realily  determined. 

In  figures  8  through  1  ,  photographs  of  birefringent  flo«  studies  in 
an  elenent  with  a  0.0.51  inch  nozzle  and  an  aspect  ratio  of  1  are  presented. 
Unfortun  itely ,  the  black  an  1  white  reproduction  has  lost  muen  of  the 
detail. 

Figure  8  shows  the  elenent  operiting  at  *  .9  psi .  For  this  figure 
and  the  next  four  figures  the  control  fxarts  are  closed  an  1  ‘he  output  lego 
are  vented  to  a  reci r cu l  atory  system.  At  d.5  psi  the  flow  throughout  the 
element  appears  to  be  laminar  and  nc  at .achment  occurs. 

Figure  9  shows  the  element  operating  at  9  pci.  "he  jet  is  going,  tur¬ 
bulent  juot  upstreum  of  the  splitter  tip,  but  still  attachment  does  not 
occur. 

Figure  10  wan  taken  wi‘h  an  operiting  pressure  of  9  psi.  The  jet  is 
going  turbulent  in  the  control  port  region  but  still  does  not  att  .ch. 

Figii.es  11  and  1<?  chow  the  jet  attached  to  the  left  ind  right  sides 
respectively.  doth  were  taken  at  an  operating  pressure  of  11  pci.  The 
jet  is  going  tirbulcnt  shortly  aftir  it  enters  the  "Vee"  shaped  control 
Z‘me.  Although  it  is  difficult  to  tell  from  the  photographs,  the  point 
of  attachment  is  upstream  of  the  control  inputs.  This  is  easier  to 
verify  by  direct  observation  of  the  device. 

Figure  15  van  taken  with  an  operating  pre  sure  of  d  psi  with  both 
control  ports  vented  to  the  return  system.  The  return  pressure  existing 
in  the  left  port  is  slightly  higher  tnan  that  in  the  right  and  the  jet  is 
deflected  so  that  most  of  the  flow. in  traveling  down  the  right  output.  The 
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flow  is  laminar  throughout  and  no  attachment  occurs.  The  entire  flow 
structure  is  vividly  defined. 

In  order  to  compare  data  taken  with  the  birefringent  flow  setup  a 
small  milling  machine  has  been  fitted  with  0.1  mil  dial  indicators  on 
all  three  axis  and  a  tiny  probe  soft  soldered  to  a  slip-on  tube  fitting 
and  placed  in  the  cutting  tool  mount  of  the  machine  (figure  14).  This 
enables  accurate  locating  of  the  jet  centerline  in  small  elements  en¬ 
abling  the  determination  of  regimes  of  bistable  flow,  switching  char¬ 
acteristics,  etc. 


SUMMARY  AND  CONCLUSIONS 

A  study  of  transition  to  turbulence  in  nozzles  has  been  undertaken 
with  useful  predictions  resulting.  To  the  right  of  the  vertical  line 
and  above  the  curved  lines  of  figure  4  the  nozzle  flow  is  potentially 
turbulent.  The  results  should  be  used  with  a  realization  of  their 
approximate  nature  as  they  are  based  on  an  approximate  analysis  of  the 
laminar  flow  problem.  It  should  also  be  realized  that  the  limit  of 
stability  for  the  fully  developed  flow  which  lies  at  =  3>544  ex¬ 

ceeds  the  experimentally  observed  transition  Reynolds  number  contra¬ 
dicting  the  theory  of  small  distrubances  on  which  Lin's  analysis  is  based 
(1:451). 

Both  theoretical  and  experimental  work  in  transition  to  turbulence 
in  jets  is  needed.  The  effects  of  aspect  ratio  as  well  as  Reynolds 
number  needs  to  be  investigated.  The  birefringent  visualization 
technique  apuears  to  be  well  adapted  to  such  experimentation. 

It  has  been  possible  to  predict  the  geometrical  requirements  for  bi¬ 
stability  in  symmetrical  elements  operating  with  subsonic  and  perfectly 
expanded  conic  jets.  Limited  verification  of  the  theory  has  been  com¬ 
pleted  in  the  incompressible  case.  All  trends  appear  to  be  well  repre¬ 
sented. 
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££fc-  _2.  Laminar  flow  in  inlet  section  between 
parallel  plates,  (a)  Results  of  series  solution 
(Schlichting) .  (b)  Results  of  integral  solution 
(Sparrow) . 
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FIGURE  5 


b,  jet  width  at  x  =  x, 

F^  momentum  force  acting  laterally  on  jet 

F^  pressure  force  acting  laterally  on  jet 

J  jet  momentum 

p  pressure 

t  thickness  of  model 

T  temperature  in  jet 

u  velocity  in  jet 

w  mass  flow  rate 

{  density 

transition  zone  length 
Subscript  "S"  devotes  stagnation  conditions 

Subscript  "o"  denotes  conditions  at  nozzle  exit  (except  xq  and  y  ) 
Primes  denote  nondimensionalization  with  respect  to  nozzle  widt.i  b 
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AN  EXPERIMENTAL  STUDY  OF  THE  STATIC  INTERACTION  OF 
AN  \X  I  SYMMETRICAL  FLUID  JET  AND  A  SINGLE  RECEIVER-DIFFUSER 


Karl  N.  Reid,  Jr.,  Assistant  Professor 
School  of  Mechanical  Engineering 
Oklahoma  State  University 
Stillwater,  Oklahoma 


ABSTRACT 


Results  are  presented  from  studies  of  several  fundamental  hydrodynamic 
processes  typically  encountered  In  fluid-jet  modulator  systems.  Measured 
velocity  profiles  are  presented  for  the  flow  establishment,  transition, 
and  established  flow  regions  of  an  axl symmetrical ,  free,  submerged,  tur¬ 
bulent  air  Jet.  Improved  velocity  profile  correlation  and  prediction 
techniques  are  suggested. 

Studies  have  been  conducted  to  elucidate  the  details  of  internal 
diffusion  of  the  nonuniform  stream  resulting  from  direct  Impingement  of 
a  submerged  jet  on  the  mouth  of  a  receiver-diffuser  system  comprised  of 
a  constant-area  mixing  section  followed  by  an  area-change  diffuser. 

Results  are  presented  from  measurements  of  transverse  profiles  of  the 
axial  velocity  and  wall  static  pressure  taken  at  various  stations  along 
the  receiver-diffuser  system.  Velocity  profile  uniformity  factor  cor¬ 
relations  are  presented  which  permit  rapid  computation  of  the  static 
pressure  Increase  or  decrease  as  a  function  of  length  of  the  constant- 
area  mixing  section.  Judgements  and  decisions  may  be  made  as  to  the 
"optimum"  length  of  the  constant-area  mixing  section  of  a  receiver- 
diffuser  in  order  to  maximize  over-all  diffusion  efficiency. 

A  set  of  measured  pressure- flow  characteristics  is  presented  for 
the  case  of  an  axially  aligned,  axisymmetric  Jet-recelver-dif fuser  system. 

It  is  demonstrated  that  previously  used  methods  of  predicting  blocked- 
load  pressure  recovery  and  open-load  flow  recovery  based  on  free-jet  velocity 
profile  Integrations,  may  result  in  significant  errors. 

Introduction 

The  establishment  of  an  analytical  basis  for  predicting  the  static 
and  dynamic  performance  characteristics  of  fluid  Jet  modulators  has  long 
eluded  investigators.  To  date  most  practical  Jet  modulator  designs  have 
evolved  through  successive  trial  and  error  means,  with  almost  total 
dependence  on  experimentally  derived  performance  characteristics.  Effi¬ 
cient  design  to  satisfy  partic 'lar  performance  requirements  would  be 
enhanced  greatly  by  the  development  of  analytical  means  for  predicting 
jet  modulator  performance. 
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Previous  attempts  at  predicting  over-all  static  performance  hav 
been  hampered  generally  by  a  lack  of  sufficient  understanding  of  the 
fundamental  physical  processes  involved.  It  has  become  apparent  that 
one  cannot  hope  to  formulate  a  truly  successful  theory  describing  the 
performance  of  jet  modulators  without  first  examining  in  some  detail  the 
fundamental  hydrodynamic  processes  which  are  related  to  the  over-all 
complex  problem. 

Included  herein  is  a  discussion  of  an  experimental  study  of  the 
fundamental  processes  involved  in  the  static  interaction  of  a  fluid 
Jet  and  a  single  receiver-load  system.  This  discussion  summarizes  a 
portion  of  the  author* s  Doctoral  Thesis  [Ref.  1], 


The  Static  Performance  Problem 

In  order  to  provide  a  basis  for  discussing  the  fundamental  hydrodynamic 
problems  associated  with  a  fluid-jet  modulator,  it  is  convenient  to  reduce 
the  modulator  to  the  simplified  geometrical  representation  of  Figure  1,  A 
modulator  with  two  receiving  apertures  is  depicted.  For  simplicity,  these 
apertures  are  not  drawn  side-by-side  as  they  might  appear  in  an  actual 
device. 

The  nozzle  serves  to  convert  the  available  energy  of  the  fluid  supply 
into  kinetic  energy  of  a  jet.  In  most  practical  cases  the  Jet  is  "sub¬ 
merged"  since  it  issues  from  the  nozzle  into  like  fluid  [e.g,,  air  into 
air,  water  into  water,  etc.].  In  the  case  of  a  Jet-pipe  valve,  actual 
motion  of  the  nozzle  provides  the  means  of  directing  the  jet  such  that 
it  has  the  des'red  alignment  relative  to  the  receiver-diffuser.  For  a 
modulator  with  no  moving  mechanical  parts,  the  nozzle  is  stationary  and 
the  relative  alignment  of  the  Jet  with  the  receiver-diffuser  is  effected 
by  controlling  the  pressure  distribution  across  the  Jet  [e.g.,  a  "momentum" 
or  a  "pressure"  control  amplifier].  Means  of  controlling  the  pressure 
distribution  across  the  Jet  and  therefore  Jet  deflection,  as  required  in 
the  latter  case,  are  not  shown  in  Figure  1  and  are  not  considered  herein. 

The  receiver- diffuser  functions  to  convert  some  of  the  kinetic  energy 
of  the  submerged  jet  into  controllable  potential  energy.  Experience  with 
Jet  pumps  and  ejectors  indicates  that  the  receiver-diffuser  should  take 
the  form  of  a  "mixing  section"  and  a  "diffuser  section."  The  desirable 
extent  of  the  receiver  diffusion  process  depends  on  the  particular 
application  whereas  the  efficiency  of  the  process  depends  on  certain 
geometrical  factors.  The  geometrical  extremes  which  one  might  expect  to 
be  of  Importance  for  the  "mixing  section"  are  a  constant-area  passage 
and  a  constant-pressure  passage  converging  .  Practical  considerations 
favor  the  constant-area  passage,  especially  where  two  receivers  are 
situated  side-by-side.  In  Figure  1  the  mixing  section  Is  depicted  as 
a  constant-area  passage,  the  axis  of  which  is  considered  to  be  parallel 
to  the  nozzle  axis. 
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It  la  hard  to  imagine  any  diffuser  *ecMon  geometry  that  could  be 
■ore  efficient  than  a  section  with  a  5-7°  included  angle.  In  cs<*es  where 
simplicity  of  construction  is  of  more  concern  than  efficiency,  a  sudden- 
expansion  diffuser  section  may  be  preferable.  The  receiver-diffuser 
design  problem  and  therefore  the  basis  for  analytical  treatment  becomes 
one  of  predicting  the  geometrical  conditions  necessary  to  achieve  the 
desired  performance,  c.g.,  maximum  efficiency,  good  linearity,  etc. 

Following  the  recovery  and  subsequent  diffusion  of  flow  which  enters 
the  receiver-diffuser  most  nearly  aligned  with  the  jet  axis  (upstream 
receiver  aperature,  a),  a  pressure  Pa  and  a  flow  rate  Qa  are  available 
to  drive  the  load.  Very  often  the  nature  of  the  load  depends  on  whether 
the  modulator  is  a  signal  processing  or  power  control  device.  The  load 
may  be  a  dynamic  machine  such  as  a  full  or  partial  admission  turbine, 
reaction- jet  turbine,  etc.,  or  it  may  be  a  positive  displacement  machine 
such  as  an  equal  or  unequal  area  piston-cylinder  arrangement.  Usually, 
but  not  always,  a  Jet  modulator  being  used  as  a  signal  processing  device 
has  a  load  which  consists  of  one  or  more  fixed  resistances  [e.g.,  orifices 
or  capillary  tubes). 

It  is  obvious  that  the  over-all  static  performance  problem  can  be 
separated  conceptually  into  several  related  fundamental  hydrodynamic 
problems.  Here  it  is  appropriate  to  consider  the  following  problems: 
flow  through  orifices  and  nozzles  (not  to  be  discussed  herein),  flow  of 
a  submerged  jet  in  a  confined  region,  diffusion  of  a  nonunlform  turbulent 
stream  in  a  constant-area  passage,  and  conversion  of  kinetic  to  potential 
energy  in  "slow -expans ion"  and  "sudden -expans ion"  diffusers.  Once  each 
of  these  fundamental  problems  is  sufficiently  well  understood,  it  ideally 
would  be  possible  to  formulate  a  theory  for  predicting  over-all  performance. 
Unfortunately,  such  a  level  of  understanding  does  not  exist  at  present. 

There  is,  however,  a  substantial  body  of  literature  which  treats  certain 
aspects  of  each  of  the  above  mentioned  problems. 

The  adequacy  and  limitations  of  the  available  literature  in  pro¬ 
viding  a  basis  for  prediction  of  the  static  performance  of  a  fluid  jet 
modulator  are  discussed  in  detail  in  the  author's  Doctoral  Thesis 
[Ref.  1  -  Chapter  3]  *  a  brief  summary  follows. 


SOME  CONSIDERATIONS  RELATED  TO  STATIC  PERFORMANCE  PREDICTION 
Submerged  Jets 

Many  solutions  and  considerable  experimental  data  exist  for  various 
aspects  of  the  free  submerged  jet  problem  [Refs.  2,  3»  5,  6  and  7], 

Both  time-average  and  turbulent  fluctuation  properties  of  Jets  have  been 
studied.  A  summary  of  conmon  incompressible  jet  theories  and  correlations 
for  the  time -average  transverse  velocity  profile  is  presented  in  Table  1. 


The  main  question  concerning  these  free  jet  theories,  is  their 
applicability  in  the  prediction  of  jet-receiver  static  performance.  It 
has  been  assumed  by  several  investigators  in  the  past  that  the  total  pres¬ 
sure  distribution  which  exists  at  the  inlet  section  of  a  receiver  is  the 
same  as  would  exist  in  the  jet  at  the  same  section  with  the  receiver  re¬ 
moved.  The  validity  of  this  assumption  is  discussed  in  the  last  section 
of  this  paper. 


Characteristics  of  Diffusion  Processes 

Diffusion  of  a  stream  in  internal  flow,  in  the  sense  of  increasing 
static  pressure,  is  accomplished  by  means  of  velocity  profile  "smoothing" 
and/or  simple  area  change.  Although  it  is  well  known  that  diffusion 
takes  place  in  a  diverging  passage  due  to  the  area  change  itself,  it  is 
often  forgotten  that  changes  in  the  velocity  profile  also  affect  the 
diffusion  process,  i.e.,  the  ability  of  a  passage  to  transform  energy 
from  kinetic  to  potential.  Equally  important,  but  less  well  known,  is 
the  fact  that  diffusion  may  take  place  in  a  constant -area  passage  due 
to  the  effect  of  velocity  profile  smoothing. 

The  process  of  constant-area  diffusion  is  best  understood  by  consid¬ 
ering  the  uniformity  of  a  fluid  stream.  Uniformity  refers  to  the  close¬ 
ness  to  which  the  transverse  profile  of  the  longitudinal  velocity  ap¬ 
proaches  a  "rectangular'  profile.  A  convenient  quantitative  measure  of 
the  uniformity  of  a  velocity  profile  is  the  momentum  coefficient  defined 
as  follows: 
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Thus 


_ true  momentum  of  the  stream _ 

momentum  based  on  the  continuity  average  velocity 
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Considering  now  the  constant-area  passage  shown  in  Figure  2,  the 
conservation  of  momentum  requires  that 
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h-  p.  -  p (v.f («,-“*)  -  [2] 


76 


Figure  2  Velocity  Profile  Smoothing 
In  A  Constant-Area  Passage 
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V  =  continuity  average  velocity 

momentum  coefficients;  0C*1  for  uniform  profiles; 

OC  >  1  for  nonuniform  profiles 
wall  shear  stress 
fluid  mass  density 
passage  diameter 


The  velocity  profile  of  the  flow  in  a  constant-area  passage  tends 
to  stabilize  along  the  passage,  i.e.,  asymptotically  approach  a  "fully- 
developed"  profile.  The  "fully-developed"  velocity  profile  effectively 
may  be  approached  from  either  of  two  directions,  either  from  a  more  or 
less  uniform  profile.  Generally  speaking,  the  mechanism  governing  the 
stabilization  process  is  different  for  the  two  cases.  The  first  case 
is  typical  of  the  common  "entry  length"  problem,  wherein  the  growth  of 
the  wall  boundary  layer  is  the  dominant  effect  in  the  process.  The 
second  case  may  result  in  a  turbulent  flow  due  to  the  action  of  turbulent 
or  "apparent"  shear  stresses  and  corresponding  transfer  of  momentum 
between  transverse  layers  in  the  flow. 

If  the  profile  at  a  station  in  the  passage  is  highly  nonuniform 
[oc  is  much  greater  than  the  corresponding  fully  developed  value],  then 
Equation  [2]  shows  that  an  increase  in  profile  uniformity  may  cause  an 
increase  in  static  pressure  which  outweighs  the  decrease  due  to  wall 
shear.  Of  course  if  the  passage  is  long  enough,  wall  friction  will 
eventually  dominate. 

In  a  passage  whose  area  increases  in  the  direction  of  flow,  the 
"profile  smoothing"  form  of  diffusion  is  superimposed  on  the  area-change 
form.  Energy  losses  in  area-change  diffusers  primarily  result  from 
velocity  profile  smoothing,  wall  shear,  and  separation.  Experience 
indicates  that  a  nonunlform  velocity  profile  ut  the  entrance  to  a  "slow 
expansion"  area-change  diffuser,  leads  to  a  significantly  larger  over-all 
energy  loss  than  would  occur  with  a  more  uniform  inlet  profile.  It  is 
apparent  on  consideration  of  a  free  submerged  jet  that  the  receiver- 
diffuser  inlet  velocity  profile  will  be  nonunlform  in  character. 

Figure  3  serves  to  illustrate  schematically  what  might  be  expected 
to  occur  in  constant-area  diffusion  in  the  constant-area  mixing  section 
of  a  receiver-diffuser.  In  cases  a  and  b,  it  is  assumed  that  the  Tlow 
in  the  passage  is  turbulent  and  that  the  velocity  profile  is  identical 
to  the  profile  in  the  corresponding  section  of  an  unobstructed  free 
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CONSTANT-AREA  DIFFUSION  OF  NON-UNFORM  STREAMS. 


submerged  jet.  These  two  esses  represent  one  end  of  the  spectrum  of 
interest,  l.e.,  the  situation  which  should  exist  when  no  throttling 
takes  place  downstream  of  the  diffuser  [receiver  input  impedance  is 
essentially  zero].  When  considerable  throttling  takes  place  [receiver 
input  impedance  becomes  very  large],  the  flow  in  the  passage  may  be 
laminar  rather  than  turbulent.  Certainly  as  the  receiver  input  impedance 
approaches  infinity,  the  flow  in  the  passage  must  proceed  from  turbulent 
to  laminar.  Cases  c  and  d  of  Figure  3  illustrate  cases  of  high,  but  not 
infinite,  receiver  input  impedance  [l.e.,  finite  through  flow].  In 
all  cases,  the  corresponding  fully -developed  profile  is  approached. 

Up  until  the  present  investigation  was  conducted,  very  little  beyond 
qualitative  reasoning  ex'sted  to  substantiate  the  schematic  representations 
of  Figure  3. 


A re a -Change  Diffusion 

Although  many  basic  problems  remain  unanswered,  considerable 
experimental  data  are  available  on  the  "ef f iciency"  of  circular,  square, 
and  rectangular  diffusers  having  various  ■'rea  ratios,  divergence  angles, 
Inlet  boundary  layer  conditions,  and  Reynolds  numbers. 

Of  the  various  efficiencies  used  in  the  literature,  the  most  common 
and  probably  the  sK>st  useful  in  the  majority  of  situations  is  the  "static 
pressure  efficiency",  or  as  sometimes  termed,  the  "energy -conversion 
efficiency".  This  efficiency  is  defined  as  the  ratio  of  the  rate  at 
which  energy  is  transformed  to  the  rate  at  which  energy  Is  supplied 
for  transformation.  Consider  a  passage  which  expands  from  an  initial 
area  A^  to  a  final  area  Ag.  Let  P  be  the  static  pressure,  p  the 
fluid  mass  density,  V  the  component  of  velocity  parallel  to  the  axis 
of  the  passage  and  W  the  absolute  velocity  at  any  point.  If  the  flow 
is  purely  axial  at  sections  1  and  2,  W  =  V  and  P  is  a  constant  over  the 
section  [i.e.,  no  streamline  curvature];  the  actual  static  pressure 
efficiency  becomes 


(pt-p.)v.A 


[3] 


where  V  is  the  continuity  averaged  velocity.  Equation [3]  can  be 
simplified  by  defining  a  kinetic  energy  factor  (5  as  follows: 


The  kinetic  energy  factor  is  analogous  to  [but  not  equal  to]  the  momentum 
factor,  0(  ,  in  that  it  accounts  for  the  nonuniformi ty  of  the  velocity 
profile.  Utilising  this  definition  and  recognizing  that  continuity 
requires  VjAj  =  V >A^, ,  the  following  expression  is  obtained: 


v' 

Many  investigators  have  used  n  one -dimensional  approximation  to  Equation 
[4]  as  follows: 


Equation  [4]  reduces  to  Equation  [5]  if  it  is  assumed  that  the  velocity 
profiles  at  the  entrance  and  exit  sections  are  uniform  [l.c,,  P>2  1.0], 

The  efficiency  depends  on  many  factors,  the  most  Important  of  which 
is  the  rate  of  expansion  of  the  flow.  Results  of  experiments  on  the 
flow  between  stiaight  diverging  walls  [conical  section]  by  Gibson  [Ref.  8] 
and  Peters  [Ref.  9]  are  summarized  in  Figure  4.  Efficiency,  is 
plotted  aga  /ist  20,  the  included  angle  between  the  diverging  walls.  The 
[Borda]  limiting  condition  [i.e.,  a  sudden  expansion  diffuser"1  is  derived 
from  simple  continuity  and  momentum  considerations;  the  following  ex¬ 
pression  results: 
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The  most  important  feature  of  the  results  of  Figure  4  is  that  the 
efficiency  reaches  a  peak  value,  which  is  quite  high,  in  the  vicinity  of 
6-8  degrees. 

A  factor  which  is  often  obscured  in  the  presentation  of  diffuser 
performance  data  is  the  effect  of  inlet  and  exit  velocity  profile  non- 
uniformity.  Most  investigators  have  not  bothered  to  make  the  additional 
[and  tedious]  measurements  necessary  to  cutabllsh  ^  and  ^2*  A  few 
investigators  have  studied  the  effect  on  diffuser  efficiency  of  various 
inlet  velocity  profiles  produced  by  using  different  lengths  of  constant 
diameter  inlet  plre.  The  percentage  difference  between  the  efficiencies 
calculated  from  Equations  [4]  and  [5]  may  be  a*  small  as  a  few  percent  or 
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Fig,  5  Effect  of  Entrance  and  Exit 
Section  Length  on  Diffuser 
Pressure  Efficiency  (Ref.  10) 


as  large  as  IO-I5  percent.  Even  if  the  diffuser  entrance  profile  is  ap¬ 
proximately  uniform  [l.c.f  a:  1.0]  the  exit  profile  normally  is  quite 
nonuniform  [  02  >  1.°].  Figure  f  shows  the  effect  of  inlet  and  exit 
section  length  for  the  various  methods  of  defining  the  pressure  efficiency. 
The  term  i,  ,  refers  to  the  length  of  the  constant  area  entry  tube  and  7)^ 
refers  to  the  efficiency  of  a  diffuser  with  a  6  diameter  constant-area 
tail  section. 

The  discussion  above  gives  only  a  sample  of  the  factors  which  must  be 
considered  in  the  efficient  design  of  area-change  diffusers.  Much  remains 
to  be  done  in  properly  evaluating  and  extending  the  existing  diffuser 
performance  data. 


EXPERIMENTAL  PROGRAM  OBJECTIVES  AND  APPARATUS  DESIGN 


lectlves 


An  experimental  program  was  carried  out  aimed  at  obtaining  sufficiently 
detailed  information  about  the  basic  flow  processes  involved  in  a  Jet-re- 
celver-dif fuser  so  that  rational  techniques  for  over-all  performance  prediction 


82 


could  be  explored  and  developed.  Cor  iderable  attention  was  given  to  the 
basic  problem  of  constant-area  turbulent  diffusion  of  a  nonunifonn  stream 
because  it  is  so  little  understood  and  has  received  virtually  no  discussion 
in  the  literature.  Likewise,  the  .mportant  flow  establishment  region  of 
the  free  jet  was  studied  in  some  detail  because  of  its  relatively  limited 
treatment  in  the  literature. 


Apparatus 

As  is  the  usual  case,  the  apparatus  design  and  instrumentation  selection 
involved  several  compromises.  Currently  proposed  fluid  Jet  modulator  fabri¬ 
cation  techniques  result  in  square  or  moderately  rectangular  passage  sections, 
both  of  which  exhibit  extremely  complicated  flow  fields.  For  simplicity, 
an  axlsvmmetrl cal  configuration  was  chosen  for  this  Initial  Investigation. 

Work  is  now  underway  by  the  author  at  Oklahoma  State  University,  to 
extend  the  work  reported  herein  to  plane  passage  configurations. 

Figure  6  shows  a  schematic  of  the  complete  apparatus. 

Air  was  supplied  by  a  compressor  capable  of  producing  400  SCFM  at 
1  psi.  Output  flow  was  varied  by  means  of  a  simple  butterfly  throttle 
valve  on  the  Intake. 

The  settling  chamber  was  comprised  of  six,  rolled  and  butt  welded  14 
gauge  sheet  metal  sections.  All  welded  joints  were  ground  smooth.  A  JO 
[included  angle],  6  inch  to  12  inch  conical  diffuser  was  followed  by  5 
cylindrical  sections,  each  12  inches  in  diameter.  The  first  cylindrical 
section  included  within,  8-1/2  inch  pieces  of  Fiberglass,  J  -  1  inch  thick 
pieces  of  rubberized  packing  material,  approximately  5OOO  -  1/8  inch 
diameter  paper  soda  straws,  and  a  taut  ^0  mesh  copper  wire  screen  soldered 
to  the  front  end.  Three  Intermediate  5  inch  long  sections  followed  and 
each  had  a  taut  3°  mesh  copper  wire  screen  soldered  to  its  front  end.  A 
final  24  inch  long  section  bolted  directly  to  the  1/2  inch  thick  aluminum 
mounting  plate.  Flanges  1-1/2"  x  1-1/2"  x  14  gauge  were  seam  welded  to 
the  ends  of  each  section. 

A  Cox  Type  210  standard  flow  nozzle,  1.94  Inches  in  diameter,  was 
mounted  in  a  1/2  Inch  vertical  plate.  The  nozzle  upstream  face  was 
smooth  and  flush  with  the  milled  upstream  face  of  the  plate. 

The  receiver-diffuser  assembly  consisted  of  three  parts  [in  order]: 

1]  a  standard  cast  plastic  tube  --  3°  inches  long,  J  inch 
inside  diameter,  J-lf2  inch  outside  diameter; 

2]  a  special  cast  plastic  conical  diffuser  --  J  inch  inside 
diameter  inlet,  6  inch  ins'de  diameter  outlet,  10  degree 
included  angle; 
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FIG.  6  SCHEMATIC  OF  TEST  APPARATUS 


3]  a  standard  cast  plastic  tube  --  inches  long,  f  inch 
inside  diameter,  6-!  '2  inch  outside  diameter. 

Thirteen  3/8  inch  diameter  reamer  holes  were  provided  in  the  receiver 
tube  wall  for  inserting  total  and  static  pressure  probes.  To  provide  a 
smooth  wall,  each  hole  was  fitted  with  a  plastic  plug,  having  a  tip 
machined  with  a  radius  to  match  the  inside  radius  of  the  tube.  Fourteen 
wall  static  pressure  taps  were  provided  on  the  wall  diametrically  opposite 
the  probe  holes.  These  taps  were  located  so  that  they  would  allow  wall 
static  pressure  measurement  at  the  same  axial  location  that  total  pressure 
readings  were  made  with  a  probe.  Velocity  could  be  computed  from  these 
two  readings. 

The  area-change  diffuser  was  molded  out  of  plastic  and  finish  machined 
to  have  10"  included  angle  and  a  4:1  area  ratio;  this  was  a  compromise 
between  performance  and  length.  The  area-change  diffuser  was  provided  with 
8  -  3/8  inch  diameter  reamed  holes  for  Inserting  pressure  probes.  To  pro¬ 
vide  a  smooth  internal  surface,  each  hole  was  fitted  with  a  plastic  plug, 
having  a  tip  machined  with  a  radius  and  angle  to  match  the  Inside  wall. 
Fourteen  wall  pressure  taps  were  provided  in  the  wall  diametrically  op¬ 
posite  the  probe  holes  to  facilitate  velocity  and  wall  static  pressure 
measurements. 

The  entire  apparatus  was  mounted  on  3  sections  of  standard  8  x  U  inch, 
25  lb.  I-beam.  The  top  surface  of  the  center  8  ft.  I-beam  was  planed  and  a 
3/8  inch  wide  -  1 /8  inch  deep  keyway  was  cut  along  the  entire  length  on  the 
centerline.  The  keyway  provided  an  accurate  reference  for  mounting  and 
alignment  of  all  remaining  portions  of  the  apparatus. 

Throttling  of  the  outlet  tube  of  the  receiver  assembly  was  accomplished 
with  a  conical  valve  constructed  from  a  standard  funnel. 

A  three-axis  probe  traversing  apparatus  enabled  a  pressure  probe  to 
be  accurately  positioned  at  any  desirable  location  within  the  field  between 
the  nozzle  and  the  receiver  entry. 


Instrumentation 


The  primary  instrumentation  was  that  required  for  measurement  of 
stream  velocity.  Since  a  static  pressure  gradient  existed  in  the  entry 
region  of  the  receiver,  the  standard  technique  of  inferring  velocity  from 
measurements  of  local  total  pressure  and  wall  static  pressure  was  inadequate. 
In  the  interestr  of  minimizing  probe  Interference  and  still  limiting  the 
tube  size  to  a  practical  3  inches  I.D.,  two  "matched"  O.O31  inch  O.D.  "right 
angled"  probes  were  constructed:  a  total  pressure  probe,  and  a  static 
pressure  probe.  Both  probe~>  were  essentially  of  the  standard  Prandtl  type. 
The  pressure  measurements  from  these  instruments  were  accomplished  with 
standard  draft  gauges  and  vertical  manometers.  To  facilitate  accurate 
measurements,  all  wall  static  pressure  taps  in  the  receiver  and  diffuser 
sections  were  connected  with  plastic  tubing  to  a  32  tube  inclined  manometer 
board,  having  a  single  adjustable  reservoir. 


DATA  PRESENTATION,  INTERPRETATION,  AND  CORRELATION 


Introduction  and  Nomenclature 

Presented  and  evaluated  herein  are  results  of  experimental  measure¬ 
ments  of  free- let  axial  velocity  profiles,  receiver-diffuser  Internal 
*low  characteristics,  and  Jet-recelver-dif fuser  over-all  static  performance. 
Noranclature  used  In  the  data  presentation  are  summarized  below  for  the 
convenience  of  the  reader. 


nozzle  diameter 
receiver  diameter 
atmospheric  pressure 
nozzle  stagnation  pressure 

receiver  back  pressure  static];  measured  six  diameters 
[36  inches]  downstream  of  area-change  diffuser 

receiver-diffuser  wall  static  pressure 

net  volumetric  rate  of  flow  through  receiver 

volumetric  rate  of  flow  through  nozzle 

radial  distance  measured  from  Jet  centerline 

radial  distance  for  which  V  0.5 

nozzle  radius 

Reynolds  number  based  on  nozzle  diameter 
axial  velocity  at  radial  distance  R 
Ideal  axial  velocity  at  nozzle  exit  plane 
Jet  centerline  axial  velocity 

cont*  lulty  average  velocity  in  constant-area  passage 
axial  distance  measured  f  rom  nozzle  exit  plane 

axial  distance  from  nozzle  exit  plane  to  receiver  entrance  plane 

axial  distance  from  nozzle  exit  plane  to  receiver-diffuser 
section  at  which  measurement  is  made 

length  of  Jet  potential  core 

fluid  mass  density 


Free-Jet  Characteristics 


Two  types  of  data  were  obtained:  1]  axial  distribution  of  the  center- 
line  axial  velocity,  and  2 ^  transverse  profiles  of  the  axial  velocity. 
Typical  centerline  velocity  distributions  are  presented  in  Figure  7.  These 
data  provide  information  necessary  for  the  definition  and  determination  of 
the  so-called  potential  core  length,  XQ.  The  intersection  of  the  straight 
line  asymptotes  for  small  and  large  X/DQ  serves  to  define  the  value  of  Xq/Dq 
or  the  "dimensionless”  potential  core  length.  These  data  agree  well  with 
data  obtained  at  comparable  Reynolds  number  by  Albertson  Ref.  5]*  Taylor 
[Ref.  11],  and  Baines  [Ref.  12], 

A  typical  set  of  data  representing  the  transverse  profiles  of  the 
axial  component  of  velocity  is  presented  in  Figure  8. 


For  convenience  in  correlating  the  experimental  data,  analytical 
expressions  are  reproduced  [slightly  rearranged'1  from  Table  1  below. 


Zone  of  flow  establishment  [Albertson"1 


X  =  „p 
V 

o 


*  i  if 


Zone  of  established  flow  [Albertson] 


—  *  exp 

Mt 


and  Taylor"1 
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Generalized  plots  of  the  experimental  data  are  presented  in  Figures  9 
and  10  for  the  two  zones  of  flow.  For  the  zone  of  flow  establishment,  the 
data  for  various  sections  correlate  well  with  each  other.  A  single  corres¬ 
ponding  plot  presented  by  Albertson,  et.  al.,  shows  a  significant  amount 
more  scatter.  Equation  [7]  is  plotted  in  Figure  Q  for  comparison.  The  cor¬ 
relation  is  not  as  good  as  might  be  desired.  Better  correlation  is  realized 
if  the  effective  length  of  the  potential  core,  as  used  in  Equation  [7], is 
shortened  by  20^  see  dashed  curve  in  Figure  o],  Albertson  arrived  at  the 
same  conclusion.  Lacking  further  experimental  verification,  it  might  be 
concluded  that  Equation  [7]  together  with  the  Baines  data  for  X/D0  f[RcD], 
provides  an  adequate  correlation  for  the  flow  establishment  region  providing 
the  20^  factor  is  Included. 


Data  taken  in  the  rone  of  established  flow  Figure  10"  shows  reasonably 
good  correlation  for  the  profiles  at  X  DQ  10  and  12.  The  profiles  at 
X/2)0  6  and  8  do  not  correlate  well  with  these  methods  of  generalized 

plotting.  This  lack  of  correlation  is  to  be  expected  and  is  Indicative 
of  the  following: 

1]  th*,K  the  profiles  in  this  region  ore  not  similat,  and 

2]  that  an  identifiable  "transition'*  zone  separates  the  end  of 
tho  zone  of  ilow  establishment  and  the  effective  beginning 
of  the  zone  of  establi shod  flow. 

The  presence  of  a  "transition"  zone  has  been  recognized  by  some  of  the 
previous  investigators  but,  with  the  exception  of  Kuethe  Ref.  and 
Taylor,  et.  al.,  "Ref,  11’,  little  attention  has  been  given  to  this  zone. 

In  fact,  none  of  tho  analytical  correlations  presented  in  the  literature 
represent  the  data  well  in  this  region.  Unfortunately,  the  transition 
region  is  of  particular  importance  in  the  design  of  jet  modulators. 

Equation  [8]  [after  Albertson"  is  plotted  in  Figure  11  to  show  the 
dlfflcultv  involved  in  using  a  correlation  technique  which  works  well 
In  the  zones  cf  flow  establishment  and  established  flow,  for  the  "tran¬ 
sition"  zone.  Also  shown  it*  the  analytical  correlation  after  Taylor" 
jiven  by  Equation  fo].  Here  the  value  of  Rj /?/X  was  determined  f roi.i  the 
plot  of  /  vs  R  X;  this  result  was  then  usfed  in  Equation  .  This  is, 
of  course,  an  "af tr r-the-fact"  method  of  analytical  correlation.  To  make 
tills  a  practical  method  of  computing  velocity  profiles  in  the  transition 
region,  a  "lavd'  or  correlation  is  needed  for  Rj 

Values  of  Rj  ,  as  determined  from  the  exper'mcntal  data,  are  plotted 
in  Hgure  12.  Using  the  correlation  of  Figure  1<  and  Equation  ",  the 
velocity  Toflles  in  the  transition  region  can  be  computed  directly  and  the 
reacting  profiles  should  be  'alid  within  a  few  percent  over  the  range  of 
condi Hons  considereu  in  the  study. 


Constant-Area  and  Area-Change  Pit  fusion 

The  receiver  ii.tertal - f low  mixing  process  constitutes  the  most  important 
single  problem  in  recolvcr-di f fi'ter  design.  Data  taken  to  elucidate  the 
dotalls  of  the  mixing  process  were  of  two  types:  1  1  transverse  profiles 
of  the  axla*  velocity,  and  2]  wall  static  pressure  distributions.  These 
data  were  t*'  an  with  a  variety  of  downstream  throttle  conditions,  nozzle- 
to-receiver  spacings,  and  nozzle - rece iver  axial  alignments.  All  measure¬ 
ments  discussed  herein  were  taken  with  a  nozzle  diameter  of  1.  >U  inches, 
a  receiver  diameter  of  J  .0  inches*,  a  receiver  length  of  0  Inches,  a 
diffuser  included  angle  of  1CT  f  a  diffuser  area  ratio  of  U%  and  a  nozzle 
upstream  stagnation  pressure  of  10  inches  H  0. 

Typical  axial  velocity  profiles  for  the  aligned  and  non-aligned  cases 
are  shown  in  Figures  13  and  ik  respectively.  These  at  \  present  a  seml- 
quantltative  "picture"  of  the  over-all  diffusion  process  as  a  function  of 
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critical  geometrical  and  operational  parameters.  The  constant-area 
mixing  section  provides  a  favorable  geometry  for  rap’d  diffusion  of  a 
nonuniform  flow.  In  all  cases,  the  degree  of  nonuniformity  at  the  re¬ 
ceiver  entry  is  sign! i icantly  greater  than  that  of  "ful ly-developed" 
turbulent  flow.  As  would  be  expected,  the  rapidity  at  which  the  profile 
approaches  the  fully  developed  profile  in  the  constant-area  section, 
depends  on  the  nozzle-receiver  axial  spacing  and  alignment  as  well  as 
the  receiver  back  pressure  P^.  The  effect  of  increasing  receiver  back 
.  pressure  Is  to  hasten  the  velocity  profile  smoothing  process. 

In  the  axially-aligned  cases  of  Figure  13,  the  velocity  profile 
appears  to  resemble  the  "fully  developed"  turbulent  flow  profile  in 
U-6  receiver  diameters,  depending  somewhat  on  geometry  and  back 
pressure. 

The  effect  of  profile  skewness  is  vividly  demonstrated  in  Figure  lUrC], 
Here,  although  considerable  profile  smoothing  has  taken  place  in  the 
constant-area  section,  the  profile  at  the  entrance  of  the  area-change 
section  is  still  skewed.  This  skewness  brings  about  early  separation  in 
the  area-change  section  and  results  in  a  significant  decrease  in  diffuser 
efficiency. 

Also  indicative  of  the  character  of  the  diffusion  processes  are  the 
typical  wall  static  pressure  data  of  Figure  15, 

The  initial  rise  of  static  pressure  in  the  receiver  entry  is,  of 
course,  due  to  the  profile  smoothing  type  of  diffusion.  For  the  lower 
back  pressures  the  wall  static  pressure  may  be  sub -atmospheric  in  the 
early  portion  of  the  receiver,  or  sometimes  in  the  entire  receiver- 
diffuser,  because  of  inductive  effects  and  separation  at  the  leading 
edge.  The  presence  of  the  wall  static  pressure  maximum  indicates  that 
wall  static  pressure  decrease  due  to  wall  shear  has  become  important 
and  eventually  dominates  the  flow  process.  The  static  pressure  rise 
in  the  area-change  section  follows  the  well  known  Bernoulli  equation 
prediction. 

A  final  indication  of  the  character  of  the  diffusion  process  in  the 
constant-area  section  is  given  by  the  momentum  coefficient  [ot]  distributions 
in  Figure  16.  These  factors  were  computed  from  the  experimentally  determined 
velocity  profiles.  It  is  seen,  that  although  the  momentum  coefficient  or 
"uniformity  factor"  is  significantly  greater  than  unity  in  the  receiver 
entry,  it  very  rapidly  approaches  a  limiting  value  of  about  1.02  in  2-3 
diameters.  Values  of  the  momentum  coefficients  computed  from  the  well 
known  fully-developed  pioe  flow  data  of  Nikuradse  [Ref.  2]  are  very  near 
1 .02  as  well . 

Typical  values  o l  pressure  efficiency  for  the  area-change  diffuser  as 
computed  from  wall  static  pressure  and  velocity  profile  measurements  are 
given  lr  Table  2.  Comparison  of  these  values  with  the  data  of  Peters  and 
Gibson  is  very  good. 
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FIG.  15  MEASURED  DIMENSIONLESS  WALL  STATIC  PRESSURE  DISTRIBUTION  FOR 


<*> 


Table  2.  Typical  Values  of  Area-Change  Diffuser 
Pressure  Efficiency  [Experimental] 


0 

a 

X 

u 

6 

8 

m 

0 

0.25 

0.5 

0 

B 

0 

0.25 

— 

0.90 

0.88 

0.88 

0.90 

0.89 

0.86 

0.86 

0.90 

0.89 

0.89 

— 

— 

0.90 

0.88 

Several  Important  conclusions  can  be  made  concerning  constant-area 
and  area-change  diffusion  processes  for  the  range  of  conditions  considered. 

1]  The  "rapidity"  of  the  constant-area  turbulent  diffusion  process 
is  a  function  of  receiver  back  pressure  and  receiver  inlet  profile  uni¬ 
formity  and  degree  of  skew. 

2]  For  an  axially-aligned  nozzle-receiver  system,  the  receiver 
axial  velocity  profile  effectively  reaches  Its  fully-developed  value  in 
2-4  diameters,  depending  to  some  extent  on  operational  and  geometrical 
conditions.  The  "optimum"  length  of  constant-area  mixing  section  for 
obtaining  the  highest  degree  of  uniformity  with  the  least  over-all  energy 
loss,  is  approximately  equal  to  that  length  necessary  for  the  profile  to 
become  effectively  fully  developed.  Receivers  with  short  constant-area 
mixing  sections  may  Involve  large  separation  losses  In  the  area-change 
section  because  of  profile  nonuniformity;  likewise  receivers  which  have 
long  mixing  sections  may  result  in  excessive  wall  shear  losses.  Ihe 
uniformity  factor,  for  stations  three  or  more  diameters  downstream  from 
the  entry,  may  be  estimated  with  good  accuracy  from  fully-developed  pipe 
flow  data  over  a  wide  range  of  conditions;  it  is  only  ’squired  that  the 
flow  be  turbulent. 

3]  For  a  non-aligned  nozzle-receiver  system,  the  "optimum"  as 
defined  In  2  above]  length  of  constant-area  mixing  section  Is  signifi¬ 
cantly  longer  than  In  the  axially-aligned  case.  Severe  separation 
losses  may  occur  In  the  area-change  section  for  cases  generally  the  lower 
back  pressure]  where  the  profile  has  not  effectively  reached  its  fully- 
developed  value. 

4]  For  systems  employing  area-change  diffusers  with  "fully-developed" 
inlet  velocity  profiles,  the  data  of  Peters  Ref.  9]  and  Robertson  Ref.  13] 
and  others,  may  be  used  to  predict  pressure  efficiency  ”ith  a  reasonable 
degree  of  accuracy.  Information  is  almost  totally  lacking  in  the  literature, 
however,  for  cases  involving  other  than  fully-developed  profiles  and  for 
Reynolds  numbers  below  about  lCr  range  of  particular  Interest  in  miniature 
Jet  modulators]. 


100 


Pressure-Flow  Characteristics 


Over-all  static  performance  Is  specified  in  terms  of  the  relation¬ 
ship  between  receiver  pressure  and  flow  rate  as  downstrear  load  conditions 
are  varied.  Typical  measured  pressure-flow  characteristics  are  presented 
in  Figure  17  for  the  axially-aligned  jet-receiver-dlf fuser.  The  decrease 
in  maximum  or  blocked-load  pressure  recovery  [horizontal  intercept"  as  the 
nozzle-to-recelver  spacing  is  increased,  is  due  primarily  to  the  Inherent 
spreading  of  the  free  Jet  and  the  resulting  decrease  in  centerline  total 
pressure.  The  corresponding  decrease  in  open-load  flow  recovery  vertical 
Intercept]  as  spacing  is  increased,  is  due  also  to  the  diffusion  of  the 
free  Jet.  In  that  latter  case,  diffusion  of  the  Jet  results  in  lower 
velocity  gradients  and,  therefore,  less  favorable  conditions  for  Induction. 

It  is  significant  that  the  characteristics  presented  in  Figure  17  are  all 
reasonably  linear  over  the  middle  60-70$  of  the  curves. 

Various  techniques  have  beem  employed  by  other  investigators  to  predict 
the  two  end  points  of  the  pressure-flow  characteristic  curves,  i.  u.,  the 
blocked-load  pressure  recovery  and  the  open-load  flow  recovery.  Blocked- 
load  pressure  recovery  has  often  been  estimated  from  an  Integration  of  the 
free  jet  total  pressure.  [See  Refs.  7#  14  &  15].  The  integral  is  evaluated 
over  an  area  A  uRr2]  equal  to  the  receiver  entrance  area  and  at  an 
axial  location  "in  the  otherwise  free  jet"  corresponding  to  the  receiver 
entry  location.  Experimental  Justification  for  this  approach  has  been 
lacking,  however.  It  may  be  argued  that  the  total  pressure  should  be 
smaller  than  the  actual  blocked-load  pressure;  but  how  much  smaller?  It 
would  seem  that  the  Jet  conterl ine  total  pressure  would  necessarily  be  a 
good  estimate  of  the  blocked-load  pressure.  Indeed  this  is  true,  as 
demonstrated  by  the  experimental  measurements  presented  in  Figure  1  .  A 
maximum  error  of  about  6  $  is  incurred  if  the  free-Jet  centerline  total 
pressure  is  used  to  estimate  the  blocked-load  recovery  in  the  Important 
region  X  Dfl<  10.  This  is  fortuitous,  since  the  great  body  of  information 
related  to  free  submerged  jets  can  be  used  to  compute  the  blocked-load 
pressure  recovery  under  a  variety  of  operational  and  geometrical  con¬ 
ditions.  Also  shown  in  Figure  18  for  purposes  of  comparison,  are  results 
from  integrating  the  total -pressure  profiles.  Obviously  the  total -pressure 
incegral  approach,  for  the  particular  geometrical  conditions  considered, 

Is  far  from  adequate.  The  large  disparity  indicated  would,  of  course,  be 
significantly  reduced  if  the  receiver  were  made  smaller  relative  to  the 
nozzle.  In  the  case  of  plane  or  rectangular  passages,  the  disparity 
probably  would  be  smaller  for  comparable  geometries  because  of  the  nature 
of  the  Integral  itself. 

The  open-load  flow  recovery  point  most  often  has  been  estimated  from 
an  integration  of  the  flow  in  the  otherwise  free  Jet.  [See  Refs.  7,  14  & 

15]  Again,  the  integral  is  evaluated  over  an  area  equal  to  the  receiver  area 
and  at  an  axial  location  corresponding  to  the  receiver  entrance.  Previous 
investigators  have  assumed,  without  adequate  experimental  verification,  that 
this  flow  Integral  approach  is  reasonably  accurate.  An  exception  is  the 
Interesting  and  thoughtful  approach  of  Zalmanzon  [Ref.  1  ]  which  utilizes 
a  receiver  inlet  ’’discharge  coefficient"  estimated  on  the  basis  of  experi¬ 
mental  data.  Such  is  not  the  case,  as  evidenced  by  the  results  of  the 
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FIG  18  CORRELATION  OF  MEASURED  VALUES  OF  BLOCKED 
LOAD  PRESSURE  AND  FREE  JET  CENTERLINE  TOTAL 
PRESSURE 


present  Investigation.  Because  of  the  significant  " jet-pump”  or  "induction” 
effects  at  the  receiver  entrance,  significantly  more  flow  is  recovered 
than  corresponds  to  the  flow  integrated  over  the  receiver  area. 

A  comparison  of  the  maximum  flow  and  maximum  pressure  points  on  tho 
P  Q  curves,  as  actually  measured  and  as  computed  from  the  above  mentioned 
integrals,  is  given  in  Table  3.  It  is  obvious  that  for  the  range  of 
geometrical  and  operational  conditions  considered,  simple  free  Jet  inte¬ 
grations  are  inadequate  to  estimate  the  limiting  points  on  the  P-Q  curves. 
Thus,  it  must  be  concluded  that  previously  established  analytical  techniques 
for  computing  the  entire  P-Q  curve,  which  are  based  on  free  Jet  integrations, 
arc  Inadequate.  This  rather  significant  conclusion  is  indicative  of  the 
need  for  a  more  thoughtful  approach  to  static  performance  prediction. 


Table  3.  Comparison  of  Measured  a'  Computed  Maximum 
Pressure  and  Flow  Recover,  s. 


x_ 

D 

0 

(t)« 

(9_  \ 

(PJ>  \ 

\  Po  /  c 

(*). 

1 

1.  130 

-- 

0.409 

1.0 

2 

1.297 

1.94 

0.413 

1.0 

3 

1.375 

•  _ 

0.405 

1.0 

4 

1.395 

1.89 

0. 387 

0.969 

6 

1.344 

1.81 

0.339 

0.728 

8 

1.248 

1.65 

0.282 

0.558 

10 

1. 116 

0. 22 1 

0.390 

12 

1.017 

0.  182 

0.292 

Subscripts: 

c  -  Computed  by  Integrating  measured  tree  Jet 
(receiver  removed)  characteristics  over 
area  equal  to  r»ceiver  entrance  area. 

e  -  Experimentally  measured  with  recei’<;r  in 
place. 
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Analytical  techniques  lot  predicting  the  over-all  static  performance 
of  an  aligned  nozzle-receiver-diffuser  system  are  explored  in  Ref.  1. 

Four  simplified  analyses  are  presented  in  order  of  their  apparent  ap¬ 
plicability,  adequacy,  and  degree  of  sophistication.  The  first  two  analvses 
assume  one-dimensional  flow  and  do  not  account  for  Jet-mixing  and  internal 
flow  energy  losses.  Energy  losses  are  partially  accounted  for  in  the 
second  two  analyses  by  employing  the  momentum  coefficient  and  pressure 
recovery  correlations  of  Figures  16  and  1M  respectively.  Correlation  of 
these  analytical  predictions  with  experimental  results  is  surprisingly  good 
for  several  important  cases. 

A  more  refined  analytical  prediction  method,  based  on  all  of  the 
pertinent  details  of  the  basic  flow  processes  involved,  is  also  presented 
in  Ref.  1.  The  appioach,  as  in  the  latter  two  simplified  analyses,  is  based 
on  a  so-called  "cowl"  streamline  concept  (often  used  in  analyses  of  air 
breathing  engines).  In  contrast  to  the  simplified  theories,  this  approach 
utilizes  the  characteristics  of  the  free  submerged  Jet.  It  is  believed 
that  the  five  analyses  presented  provide  an  important  first  step  in  the 
eventual  development  of  a  truly  rational  approach  to  jet  modulator  static 
performance  prediction. 

Cone lus  ions 


The  experimental  results  presented  herein  illustrate  the  nature  and 
complexity  of  some  of  the  important  flow  processes  involved  in  fluid  let 
devices.  New  insight  has  been  gained  concerning  the  rapidity  of  the 
diffusion  process  in  constant-area  mixing  sections.  Methods  for  utiHzing 
free  jet  data  in  computations  involving  confined  jets  have  not  been  ad¬ 
equately  established.  It  has  been  demonstrated  that  predictions  of  steady- 
state  pressure-flow  characteristics  of  jet-receiver- load  systems  based  on 
simple  integrations  of  free  Jet  axial  velocity  and  total  pressure  profiles, 
may  differ  significantly  from  experimental  measurements. 
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ABSTRACT 

One  important  class  of  jet -receiver-load  dynamic  Interaction  problems 
has  been  studied  in  detail.  It  is  demonstrated  that  a  static  or  dynamic 
instability  may  exist  as  a  result  of  jet -receiver-load  interaction.  Me¬ 
thods  are  presented  for  characterizing  the  jet-receiver  interaction  region 
both  statically  and  dynamically.  Typical  static  pressure- f low  character¬ 
istics  for  the  interaction  region  are  presented  which  exhibit  an  S-shaped 
character  for  certain  geometrical  configurations.  It  is  demonstrated  that 
the  S-shaped  characteristic  leads  to  a  static  instability  for  high  imped¬ 
ance  loads.  Analytical,  graphical,  and  numerical  computation  techniques 
are  presented  which  permit  rapid  and  accurate  prediction  of  relative  and 
absolute  stability  for  a  jet-receiver-load  system.  Experimental  measure¬ 
ments  show  good  correlation  with  predictions  of  system  limit  cycle  fre¬ 
quencies  and  amplitudes. 


INTRODUCTION 

The  Dynamic  Interaction  Problem 

Most  persons  who  have  dealt  experimentally  with  fluid  jet  modulators 
have  encountered  some  type  of  dynamic  instability,  evidenced  by  oscilla¬ 
tions  of  the  main  jet  and/or  pressure  fluctuations  in  the  receiver  pass¬ 
ages.  Although  the  sources  of  such  instabilities  are  not  well  understood, 
it  is  most  certain  that  jet-receiver  interactions,  including  cross-coup¬ 
ling  between  receiver  ports  and/or  load  ports,  and  complicated  by  "jet 
noise"  are  the  important  influencing  phenomena.  The  jet  itself  provides 
the  necessary  energy  source  to  continually  "feed"  the  instability,  while 
the  jet-receiver  interactions  and  potential  receiver  cross -coupl ing  pro¬ 
vide  tiie  internal  feedback  required  for  instability. 

Pressure  oscillations  may  occur  in  jet  modulators  operating  with  an 
"incompressible"  or  "compressible"  fluid.  There  is  no  truly  incompress¬ 
ible  fluid,  and  therefore  wave  motion  effects  can  exist  in  any  fluid 
modulator.  It  is  convenient,  however,  to  identify  two  classes  of  stabil¬ 
ity  problems:  1)  those  associated  with  low-velocity  gas  flows  (Mach 
number  less  than  0.3)  and  "incompressible"  liquid  flows;  and  2)  those 
associated  with  periodic  jets  from  underexpanded  sonic  and  supersonic 
nozzles  (i.e.,  so-called  resonance  tubes).  The  sources  of  instability 
seem  to  be  quite  different  for  these  two  cases,  whereas  the  resulting 
effects  are  much  the  same.  Only  the  first  stability  problem  will  be 
discussed  here.  The  discussion  which  follows  is  a  condensation  of  one 
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portion  of  the  author's  Doctor  of  Science  Thesis  (Ref.  1). 

Scope  of  Investigation 

Several  Important  limitations  were  Imposed  In  the  Investigation  so 
as  to  make  the  problem  solution  more  tractable.  The  most  Important  lim¬ 
itation  was  the  restriction  to  a  single  receiver-load  system,  thereby 
Ignoring  all  possible  effects  of  cross-coupling  between  two  or  more  re¬ 
ceivers.  However,  since  the  Investigation  was  aimed  primarily  at 
demonstrating  techniques  for  studying  jet-receiver  dynamic  Interaction, 
the  potential  usefulness  of  the  Information  presented  should  not  be 
hindered  significantly  by  this  rer  Tict  Ion .  There  are,  In  fact,  a  num¬ 
ber  of  jet  modulator  designs  which  Incorporate  only  a  single  receiver. 

The  Investigation  was  conducted  and  Is  herein  presented  with  the 
following  primary  goal  In  mind: 

To  conduct  an  exploratory  s _udy  of  dynamic  Interaction 
between  a  fluid  jet  and  single  receiver- load  system,  so 
as  to  establish  techniques  for  measuring  the  Interaction 
region  static  and  dynamic  characteristics  and  for  util¬ 
izing  this  Information  In  the  direct  analytical  predic¬ 
tion  of  system  absolute  and  relative  stability. 

STATIC  AND  DYNAMIC  CHARACTERIZATION  OF  THE 
JET-RECEIVEP  INTERACTION  REGION 

Basis  for  Experimental  Dynamic  Characterization 

The  Investigation  was  Initiated  with  the  following  premise:  If  the 
jet-receiver  Interaction  can  be  characterized  dynamically,  then  It  Is 
p  osible  to  predict  system  dynamic  stability  for  a  wide  variety  of  load 
conditions  'y  using  conventional  stability  analyses.  The  dynamic  charac¬ 
terization  approach  selected  involves  the  determination  of  the  effective 
"reflection  coefficient"  of  the  receiver  looking  upstream  Into  the  main 
jet.  The  experimental  technique  for  measuring  the  "reflection  coeffi¬ 
cient"  involves  the  generation  of  a  pressure  pulse  at  a  location  down¬ 
stream  ot  the  receiver  mouth,  the  dynamic  measurement  of  the  "Incident* 
pressure  wave  as  It  passes  a  point  between  the  pulse  source  and  the 
receiver  mouth,  and  the  dynamic  measurement  of  the  wave  as  reflected 
from  the  receiver  mouth.  Of  principal  interest  Is  whether  the  reflected 
waves  can  be  characterized  in  terms  of  a  simple  "reflection  coefficient" 
rather  than  a  more  complicated  transfer  function. 

Figure  1  Illustrates  a  simplified  situation  under  which  the  appro¬ 
priate  measurements  can  be  made.  The  Jet-receiver  Interaction  region  Is 
treated  as  a  "black  box"  and  termed  the  "source  terminal."  A  transmis¬ 
sion  line  connects  the  source  terminal  to  be  studied  to  the  "load  termin¬ 
al."  The  transmission  line  merely  provides  a  means  of  "separating"  the 
Incident  and  reflected  waves  In  time. 


It  will  be  seen  later  that  there  exist  two  types  of  dynamic  stability 
and  one  type  of  s tat lc  stability. 


1  in 


Transmission 


Fig.  1  Representation  of  Technique  for  Studying  Jet-Recclvsr 
Dynanic  Interaction 


The  "load  terminal"  functions  to  stabilize  the  receiver  pressure  under 
a  blocked  or  partially  blocked  load  condition.  The  information  to  be 
determined  Is  contained  In  the  relative  shapes  and  amplitudes  of  the 
Incident  and  reflected  waves.  The  difficulties  Involved  In  implemen¬ 
ting  this  method  of  source  dynamic  chrracterlzatlon  are  discussed  In 
Ref.  1. 

Ax  1  symmetric  Nozzle-Receiver-Transmission  Line  Apparatus 

Initially,  an  attempt  at  source  dynamic  characterization  was  made 
using  an  Instrumented  proportional  fluid  Jet  modulator  (less  control 
Jets)  of  rather  conventional  design  (two  receiver  ports).  It  soon  be¬ 
came  apparent  that  several  Interactions  were  being  studied  simultaneous¬ 
ly,  and  it  was  difficult  to  separate  them.  Consequently,  a  simple 
axlsynmetrlc  nozzle-receiver  (like  the  schematic  of  Fig.  1)  was  built  to 
eliminate  all  unnecessary  boundaries  In  the  vicinity  of  the  nozzle,  and 
all  potential  receiver  croas-coupl Ing  effects.  With  this  apparatus  the 
influence  of  various  types  of  nearby  bounding  surfaces  could  be  studied. 

The  final  apparatus  was  comprised  of  a  3/8  In.  diameter,  long  tube 
nozzle  and  a  1/2  In.  diameter  receiver  tube.  A  transmission  line  of  1/2 
In.  diameter  was  attached  to  the  receiver.  The  terminal  load  was  a 
pneumatic  R-L-C  device  specially  designed  to  minimize  reflections  and 
still  allow  the  possibility  of  a  "blocked  load".  The  resistance  element 
was  constructed  with  a  resistance  equal  to  the  surge  impedance  of  the 
transmission  line.  A  pulse  source  was  formed  by  blowing  air  through  an 
appropriately  slotted  disk. 

"Creation"  of  an  Active  Source 


Before  a  meaningful  study  of  the  dynamic  or  static  characteristics 
of  the  Interaction  region  could  be  made,  It  was  necessary  to  establish 
means  for  "creating"  an  active  source,  l.e.,  a  source  which  "feeds"  an 
Impending  oscillation.  Certainly,  past  experience  with  jet  modulators 
of  various  types  Is  sufficient  to  give  one  confidence  that  a  sustained 
pressure  oscillation  In  the  receiver  can  be  produced'. 

The  axlayranetrlc  apparatus  was  arranged  to  have  a  source  di  lvlng  a 
transmission  line  blocked  at  its  downstream  end,  since  a  sustained  pres¬ 
sure  oscillation  Is  most  likely  to  occur  In  such  a  system.  Then,  var¬ 
ious  solid  boundaries  were  placed  in  the  interaction  region  in  an  effort 
to  create  a  "large"  amplitude  pressure  oscillation  in  the  line.  The 
configurations,  shown  In  Fig.  2,  were  found  to  produce  the  desired 
oscillation.  Case  (a)  typifies  the  phenomena  observed. 

By  proper  placement  of  the  wall  In  the  jet,  the  jet  Is  caused  to 
attach  and  follow  the  wall  until  the  point  Is  reached  where  an  adverse 
pressure  gradient  causes  It  to  separate,  placement  of  the  receiver 
mouth  near  the  separation  point  results  In  a  sustained  pressure  rscll- 
latlon  In  the  transmission  line  and  a  corresponding  oscillation  of  the 
Jet.  The  nature  and  cause  of  the  oscillation  In  these  particular  cases 
can  be  explained  qualitatively  as  follows:  as  the  Jet  is  "turned  on," 
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FIG.  2  DEMONSTRATED  “ACTIVE"  SOURCES 
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the  pressure  begins  to  rise  in  the  receiver  as  a  result  of  simple  charg¬ 
ing  of  the  associated  capacitance;  the  pressure  in  th1  separation  region 
also  rises  above  its  "equilibrium"  value  because  of  the  high  resistance 
to  flow  introduced  by  the  wal 1-to-receiver  mouth  restriction;  the  pres¬ 
sure  in  the  separation  region  finally  becomes  large  enough  (bui  not 
necessarily  above  atmospheric)  so  that  the  jet  is  caused  to  separate 
further  up  the  wall  and  thus  partially  miss  the  receiver;  the  receiver 
and  separation  region  pressures  then  tend  to  decrease  until  the  original 
separation  point  is  restored,  at  which  point  the  process  is  repeated 
again  and  again.  Of  course,  wave  motion  in  the  receiver  line  plays  an 
important  role  in  this  phenomena.  As  the  jet  is  turned  on,  a  compres¬ 
sion  wave  travels  down  the  line  and  is  reflected  from  the  blocked  end  as 
a  compression  wave.  When  this  wave  returns  to  the  receiver  mouth,  it 
causes  the  separation  region  pressure  to  increase  rapidly  and  the  jet 
to  flip  suddenly  away  from  the  wall.  The  motion  of  the  jet  causes  a 
sudden  decrease  in  the  pressure  at  the  receiver  entry  and,  as  a  conse¬ 
quence,  causes  a  rarefaction  wave  to  travel  down  the  line.  This  wave 
is  reflected  from  the  blocked  end  in  like  sense,  and  on  its  return  to 
the  receiver  mouth,  reduces  the  separation  region  pressure  enough  so 
that  the  jet  can  re-attach  at  the  original  point  of  attachment.  The 
receiver  pressure  oscillation  is  very  nearly  triangular  in  shape 

It  is  not  necessary  to  have  a  wave-like  element  (i.e.,  a  trans¬ 
mission  line)  connected  to  the  source  in  order  to  observe  a  ustained 
oscillation.  If  a  tank  (simple  capacitance)  is  substituted  for  the 
transmission  line,  the  tank  pressure  will  oscillate  as  well.  In  this 
case,  the  oscillation  is  characterized  by  an  exponential  rise  followed 
by  an  exponential  decay,  i.e.,  a  direct  result  of  the  inherent  RC 
characteristics  of  the  receiver-tank  combination.  The  charging  and  dis¬ 
charging  time  constants  usually  are  different,  the  discharging  time 
constant  generally  being  the  smaller  of  the  two. 

Recent  experiments  carried  out  by  the  author  (at  Oklahoma  State 
University)  using  plane  (rectangular)  geometries,  indicate  that  poten¬ 
tially  unstable  configurations  can  be  "created"  in  the  following  ways: 
merely  offsetting  the  receiver  centerline  from  the  nozzle  centerline; 
placing  a  cylindrical  "deflector"  at  a  location  approximately  one  third 
of  the  distance  between  the  nozzle  and  receiver;  enclosing  one  side  of 
th^  Interaction  region  as  in  a  "one-sided"  pressure-control  amplifier. 

It  also  has  been  demonstrated  experimentally  that  the  pressure  in  a 
blocked-load  system  may  oscillate  if  a  cylindrical  body  is  placed  across 
the  receiver  raouti  (transverse  to  the  axis  or  flow  direction).  In  this 
latter  case  oscillations  are  probably  keyed  to  the  frequency  of  vov-tex 
shedding  from  the  cylinder.  Research  aimed  at  better  understanding  of 
these  instability  mechanisms  is  currently  being  carried  out  by  the 
author . 

Results  of  Experiment  to  Determine  Source  Dynamic  Characteristics 

Simple  pulse  response  measurements  were  performed  with  the  apparatus 
arranged  as  follows: 
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1)  a  20  ft.,  1/2  Inch  diameter  line  was  connected  to  the  9  Inch  long, 
1/2  Inch  diameter  receiver; 

2)  the  pulse  sourc  •  was  placed  at  a  T-Junction  located  about  10  feet 
from  the  receiver  mouth; 

3)  a  Klstler  quartz  crystal  pressure  transducer  was  placed  between 
the  pulse  source  and  the  receiver  mouth  (about  5  feet  from  re¬ 
ceiver  mouth); 

4)  a  curved  boundary  was  placed  In  the  fnt  ractlon  region  so  as  to 
produce  a  large  sustained  oscillation  for  a  blocked-load  conul- 
t  ion ; 

5)  the  blocked-load  terminal  was  replaced  by  the  specially  designed 
RLC  load  so  as  to  damp  out  the  oscillation. 

Although  noise  somewhat  obscured  the  results  of  interest,  it  was 
concluded  that  for  frequencies  up  to  several  thousand  cycles  per  second, 
source  dynamic  phenomena  are  Insignificant.  It  Is  reasonable  to  expect, 

In  fact,  that  dynamic  effects  would  Involve  time  lags  or  delays  of  the 
same  order  as  the  fluid  transport  time  from  the  nozzle  to  the  receiver. 

It  should  be  possible,  therefore,  to  utilize  a  steady-state  characteri¬ 
zation  of  the  Interaction  region.  It  was,  In  fact,  on  this  basis  that  the 
remaining  portion  of  the  dynamic  interaction  study  wa:  carried  out.  Re¬ 
sults  of  a  recent  M.I.T.  Doctoral  thesis  by  L.  E.  Johnston  confirm  these 
conclusions  '’Ref.  2). 

Measurement  of  Steady-State  Characteristics  of  an  Active  Source 

Physical  Intuition  and  reasoning  leads  one  to  the  conclusion  that 
the  steady-state  pressure-flow  characteristic  for  a  potentially  unstable 
source  configuration  (active  source)  Is  probably  S-shaped,  l.e.,  having 
both  negative  and  positive  slopes.  Many  dynamic  systems  which  exhibit  a 
tendency  toward  self-excited  oscillations  have  an  S-shaped  characteristic 
curve . 


To  better  understand  the  relationship  which  must  exist  between  lord 
and  source  resistances  In  order  to  produce  an  instability.  It  Is  helpful 
to  refer  to  Fig.  3.  Three  typical  cases  are  shown  for  example  only.  This 
In  no  way  presents  a  complete  picture  of  system  stability,  as  will  become 
evident  In  the  following  section.  In  each  of  the  cases  shown  in  Fig.  3, 
only  the  region  of  Intersection  of  the  two  characteristics  Is  shown.  Sta¬ 
bility  " ln-the-sma 11"  may  be  determined  by  considering  the  consequences  of 
a  small  positive  pressure  disturbance  relative  to  the  apparent  equilibrium 
condition.  Below  each  W  vs  P  plot  is  a  schematic  of  a  small  control  vol¬ 
ume  supposed  to  be  situated  between  the  source  and  load.  The  source  flow 
enters  the  control  volume  and  the  load  flow  leaves  the  control  volume; 
equilibrium  requires  that  these  two  flows  be  equal.  The  length  of  arrow 
is  Indicative  of  the  relative  magnitude  of  the  corresponding  flows  enter¬ 
ing  and  leaving  as  a  result  of  the  pressure  disturbance. 

Both  cases  (a)  and  (b)  represent  stable  systems  since  a  positive 
pressure  disturbance  leads  to  a  load  flow  demand  which  Is  greater  than  the 
source  can  provide,  thereby  causing  the  pressure  to  decrease  once  again. 

In  contrast,  ca3e  (c)  represents  a  situation  where  the  positive  pressure 
disturbance  leads  to  a  load  flow  demand  which  is  smaller  than  the  source 
supplies;  l.e.,  the  source  must  be  "active."  As  a  result,  the  pressure 
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increases  even  further  until  eventually  some  mechanism  places  a  limit  on 
its  magnitude.  This  is  a  static  type  of  instability.  It  will  be  seen 
later  that  three  types  of  instabilities  can  be  identified,  one  of  which 
is  a  static  instability. 

The  conventional  technique  for  measuring  the  portion  of  the  pressure- 
flow  characteristic  curve  in  the  first  quadrant  for  a  passive  source 
involves  varying  the  load  resistance  from  zero  (vertical  line)  to  infinity 
(horizontal  line),  in  such  a  way  that  the  resistance  is  always  positive. 

To  measure  the  portion  of  the  curve  in  the  fourth  quadrant,  it  is 
necessary  to  vary  the  load  curve  slope  from  a  large  negative  value  to  a 
small  negative  value  by  supplying  flow  from  an  external  source. 

Obviously  the  technique  employed  to  measure  the  characteristic  of  a 
passive  source  would  lead  to  a  static  instability  in  the  case  of  an  active 
source  (e.g. ,  see  Fig.  3  (c)).  If,  however,  a  family  of  load  characteristic 
curves  can  be  generated  which  all  have  a  relatively  low  resistance  (i.e. , 
large  change  in  flow  for  a  small  change  in  pressure)  in  the  vicinity  ol 
their  point  of  intersection  with  the  source  curve,  stable  operation  can 
be  achieved  (e.g.,  see  Fig.  3  (b)). 

An  experimental  technique  which  can  be  used  to  obtain  the  active 
source  characteristic  curve  is  shown  schematically  in  Fig.  4. 

The  flow  rate  to  be  determined,  W  ,  is  equal  to  the  total  flow  as 
indicated  by  the  downstream  rotameter  minus  the  constant  flow  frou  the 
external  source.  In  the  first  quadrant,  W  is  positive  and  the  roLameter 
flow  is  greater  than  the  flow  from  the  constant-flow  source.  In  the 
fourth  quadrant  W  is  negative  and  the  rotameter  flow  is  less  than  the 
flow  from  the  constant-flow  source.  If  the  flow  from  the  constant-flow 
source  is  adjusted  properly,  the  flow  rate  W  can  be  made  to  undergo  large 
changes  while  the  metering  pressure  P  undergoes  only  small  changes.  The 
progressive  variation  from  one  load  characteristic  curve  to  another  *s 
accomplished  simply  by  varying  the  amount  of  downstream  throttling. 

Typical  measured  characteristics  using  the  technique  outlined  abovt 
are  plotted  in  dimensionless  form  as  a  function  of  nozzle  supply  pressure 
in  Fig.  3*  The  source  geometry  was  chosen  such  that,  when  coupled  with  a 
transmission  line  blocked  at  its  downstrefim  end,  a  high  degree  of 
instability  existed.  The  shape  of  the  curve  is  controlled  primarily  by 
the  effective  resistance  to  reversed  flow  (i.e.,  negative  Wfl).  If  the 
resistance  to  reversed  flow  is  large,  ,the  source  characteristic  may  not  be 
S-shaped  at  all.  Likewise,  if  the  resistance  to  reversed  flow  is  very 
small,  the  curve  will  not  "turn  back"  with  large  -Wfl. 

It  was  the  purpose  of  this  experiment  to  demonstrate  technloue  only. 

A  systematic  study  of  the  effect  of  geometrical  variations  on  the 
character  of  the  source  is  presently  being  conducted  at  Oklahoma  State. 
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SYSTEM  STABILITY  PREDICTION  AND  CORRELATION 
WITH  EXPERIMENTAL  RESULTS 


Analytical  Prediction  of  Absolute  "Stabllity-ln-the-Small" 

Consider,  as  before,  the  single-receiver  system  consisting  of  an 
active  source  coupled  to  an  active  or  passive  load  terminal  by  means  of 
a  simple  transmission  line.  Such  a  system  is  interesting  as  well  as 
practical  in  that  it  serves  as  a  potential  building  block  for  more 
complicated  systems. 

The  presence  of  the  "wave-like"  element  (transmission  line)  in  the 
system  suggests  that  consideration  he  given  to  system  dynamic  stability 
as  well  as  the  static  stability  discussed  in  the  previous  section. 
Professor  F.T.  Brown  of  M.I.T.  has  suggested  that  the  absolute  stability 
"in-the-small"  of  such  a  system  be  classified  according  to  the  character 
of  the  load  (Ref.  3)*  The  following  types  of  stability  (or  instability) 
are  then  identifiable:  static,  wave  and  surge.  These  three  types  of 
stability  arise  on  considering  the  effect  of  the  length  of  the  transmis¬ 
sion  line  coupling  the  source  and  load.  Static  stability  is  obviously 
associated  with  a  system  containing  an  extremely  short  line.  Referring 
to  the  sketches  in  Fig.  3>  ft  is  possible  to  establish  a  simple  criterion 
for  static  stability  "in-the-small"  ( i. e.  ,  for  small  disturbances).  The 
system  is  stable  in  the  vicinity  of  the  equilibrium  point  ( i. e. ,  point 
of  intersection  of  the  source  and  load  curves)  if  the  source  impedance, 
Z8,  and  the  load  impedance,  Z^,  are  related  by  the  inequality. 


Notice  that  a  positive  value  of  source  impedance  implies  a  negative 
slope  on  the  W  vs  P  plot,  whereas  a  positive  value  of  the  load  impedance 
implies  a  positive  slope  on  the  W  vs  P  plot.  This  is  merely  a  result  of 
sign  convention  for  the  flow,  i.e. ,  positive  flow  is  defined  as  flow 
from  the  source  to  the  load. 

If  the  source-to- load  capacitance  is  very  small,  the  static  instability 
will  result  in  a  very  high  frequency  oscillation.  In  such  a  case,  the 
concept  of  static  stability  based  on  the  measured  steady-state  pressure- 
flow  characteristic  for  the  source  may  lose  its  physical  meaning  because 
of  the  inadequacy  of  this  characteristic  at  high  frequencies.  For  this 
case,  the  source  dynamic  characteristics  must  be  considered. 

If  the  line  attached  to  the  source  is  very  long,  pressure  waves  take 
a  considerable  time  to  travel  down  the  line  and  then  return  again.  Over 
the  period  of  the  round-trip  of  a  wave,  the  effective  load  impedance  seen 
by  the  source  is  the  "surge"  or  "characteristic"  impedance  of  the  line 
rather  than  the  impedance  of  the  load  terminal.  The  idealized  (i.e., 
neglecting  wall  shear)  characteristic  impedance  of  a  line  of  cross- 
seccional  area  A,  in  terms  of  a  ratli  of  pressure  to  mass-flow  rate  at  a 
point  in  the  line,  is  given  simply  by  Zc  ■  c  A,  where  c  is  the  speed  ot 
sound  in  the  medium.  The  stability  criterion  given  by  Eq.  (1)  applies 
to  this  surge  situation  if  Zj  is  repla.  ed  simply  by  Z£. 


120 


The  system  is  surge-wise  stable  if  the  following  inequality  is  satisfied- 

+  ~r~  >  o  (2) 

'S  Lc 

The  oscillation  frequency  associated  with  a  static  or  surge-type  insta¬ 
bility  is  characteristically  qute  high.  The  very  high  frequency  noise 
associated  with  most  jet-modulator  systems  is  undoubtedly  a  manifestation 
of  the  surge-type  instability. 

Since  the  surge  impedance  only  represents  the  true  load  impedance 
seen  by  the  source  for  relatively  short  periods  of  time,  it  is  necessary 
to  consider  wave  motion  effects  if  stability  over  longer  periods  of  time 
is  of  interest  (and  it  most  often  is  of  prime  interest).  Wave  motion 
effects  obviously  have  their  greatest  importance  for  intermediate  line 
lengths.  Here,  consideration  of  the  reflection  of  waves  from  both  endr 
of  the  transmission  line  leads  to  the  concept  of  "wave  stability." 

For  a  transmission  line  having  a  terminal  impedance,  Zt,  and  a 
characteristic  impedance,  Z  ,  the  ratio  of  the  reflected  to  the  incident 
pressure  waves  is  given  by  (Ref.  1): 
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Z 
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where  r  is  defined  as  the  "reflection  coefficient"  and  is,  in  general, 
frequency  dependent.  The  reflection  coefficient  must  be  equal  to  or  less 
than  unity  if  the  terminal  is  passive ,  and  is  unbounded  if  the  termination 
is  active. 

Consider  now  a  "lossless"  transmission  line  having  two  terminals,  a 
source  and  a  load.  For  generality  let  the  associated  terminal  impedances 
be  denoted  as  Z\  and  Z  .  If  a  wave  reflects  first  off  of  one  termiral  and 
then  the  other,  that  is,  undergoes  one  complete  cycle  returning  to  its 
initial  position  and  direction  of  motion,  its  new  amplitude  is  r«r  times 
its  Initial  o^nlitude.  *he  product  r^r  may  be  positive  or  negative  and 
equal  to,  less  than,  or  greater  than  unity.  If  |rjr  >  1,  then  the  wave 
has  picked  up  energy  (from  an  active  source  and/or  load)  and  the  system 
is  unstable.  One  of  two  types  of  instabilities  may  exist.  If  rjr.  >+  1, 
the  instability  is  exponential  or  non-osci 1 lator y  in-the-smal  1 ;  if 
r^r  <  -1,  the  instability  is  oscillatory.  The  criterion  for  wave -type 
absolute  stability  in  terms  of  the  surge  and  two  terminal  impedances,  is 
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A  summary  of  the  stability  types  and  criteria  for  all  possible 
permutations  of  real  terminal  impedances  (resistances)  is  given  in  Table  1. 
This  suninary  was  originally  prepared  by  Professor  F.T.  Brown  and  is  repro¬ 
duced  from  Ref.  j.  The  reader  interested  in  a  detailed  treatment  of 
absolute  stability  in  "two-line"  systems,  including  coupling  between 
receivers  and/or  loads,  should  refer  to  Professor  Brown's  development  in 
Ref.  3. 
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Table  1  Summary  of  Stability  Types  and 
for  Source-Transmission  Line-Load  Systems 


Graphical  Techniques  for  Prediction  of  System  Relative  Stability 


The  stability  criteria  developed  in  the  previous  section  are  particu¬ 
larly  useful  when  information  concerning  the  absolute  stability  of  a  system 
is  desired;  that  is,  is  the  system  stable  or  unstable  "in-the-smal 1?" 
Nothing  can  be  inferred  directly  from  these  criteria  concerning  the  relat ive 
stability  of  the  system  for  small  or  large  pertubat i ons.  In  addition, 
these  or  similar  criteria  are  difficult  to  apply  in  cases  involving  non- 
real  terminal  impedances.  Very  often,  a  knowledge  of  the  frequency  and 
amplitude  of  a  pressure  oscillation  is  requiied.  For  example,  such 
information  is  vital  in  the  design  of  oscillators.  As  another  example 
consider  a  system  which  exhibits  an  instability.  The  over-all  performance 
of  the  system  may  not  be  impaired  significantly  providing  the  oscillation 
frequency  is  high  enough  and  the  amplitude  is  low  enough;  again  a  knowledge 
of  the  detailed  character  of  the  oscillation  is  required  before  its  effect 
can  be  fully  evaluated. 

The  suitability  of  graphical  techniques  such  as  the  method  of 
charac ter is t ics  (Ref.  4)  and  slope-line  integration  (Ref.  5)  for  dealing 
with  transient  phenomena  in  systems  incorporating  simple  nonlinearities, 
wave-like  elements,  and  other  simple  active  and  passive  elements,  is  well 
known.  As  will  become  evident  in  the  discussion  which  follows,  graphical 
techniques  afford  a  reasonably  accurate  and  rapid  approach  to  the  study 
of  Jet-receiver  system  relative  stability.  An  example  is  discussed  below 
to  illustrate  the  utility  of  graphical  analysis.  The  analysis  is  semi- 
empirical  in  that  experimentally  derived  (or  otnerwise  known)  source  and 
load  pressure-flow  characteristics  are  utilized.  The  solutions  presented 
are,  therefore,  limited  to  the  range  of  frequencies  for  which  the  steady- 
state  source  and  load  characteristics  are  valid.  The  basic  equations 
describing  system  behavior  are  presented  in  finite  difference  form,  since 
the  graphical  techniques  Involve  a  type  of  numerical  step-by-step  solution. 

Consider,  as  an  example,  the  system  shown  schematically  in  Fig.  6. 
Limiting  cases  of  this  example  are  considered  in  Ref.  1.  The  solution 
sought  is  as  follows:  given  a  small  disturbance  from  "equilibrium"  in 
the  load-end  pressure,  P  ,  what  is  the  resulting  variation  of  P  with 
time,  i.e.  ,  does  the  disturbance  die  out  or  does  the  presence  oi  the 
active  source  lead  to  a  dynamic  instability?  Further,  the  detailed  nature 
of  any  limit  cycle  is  to  be  determined. 


^CHAMBER 


Fig.  6  Active  Source  Coupled  to  a  Transmission 
Line  Terminated  by  a  Load  Chamber 
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First,  consider  the  transmission  line  portion  of  the  system  only. 
The  line  may  be  treated  as  a  distributed  parameter  system.*  It  is 
assumed  that  the  pressure  waves  are  of  small  amplitude,  the  gross  fluid 
velocity  in  the  line  is  very  small  compared  to  the  speed  of  sound  in  the 
medium, and  wave  dispersion  effects  are  uiinportant.  Thest  assumptions 
permit  use  of  the  well-known  linearized  form  of  the  wave  equations.  Of 
the  various  forms  of  the  solution,  the  most  convenient  is  that  given  in 
terms  of  the  conditions  at  the  ends  of  the  line  as  follows: 
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where  T  *  propagation  operator 

Z  ~  characteristic  impedance  of  the  line;  defined  as  the  complex 

Q 

ratio  of  the  Instantaneous  pressure  to  the  instantaneous  flow 
rate  at  a  given  point  in  the  line. 

Both  T  and  Zc  are,  in  general,  frequency  dependent  properties.  Brown 
(Ref.  6)  has  shown  that,  for  the  case  of  uniform  attenuation  (i.e.,  no 
dispersion),  the  propagation  operator  can  be  approximated  as  follows: 


r  « 

where 

T  - 

or 

e  ■ 

For  the  special 
that 

r  - 

z 

c 

where 

c  ■ 

o 

A  - 


-  a  +  Ts  (6) 

characteristic  time  of  the  line,  s  *  Laplace  operator, 

the  attenuation  factor;  a  is  termed  the  attenuation 
constant . 

case  of  an  ideal,  lossless  pneumatic  line  it  follows 
Ts 


c 


acoustic  speed  of  sound,  and 
cross  sectional  area  of  the  line. 


Experiment  and  analysis  shows,  however,  that  line  friction  is  important 
even  in  seemingly  short  lines.  As  will  become  evident  later,  reasonable 
correlation  between  theory  and  experiment  requires  consideration  of  at 
least  the  gross  effects  of  line  friction  (and  corresponding  attenuation). 


*  Alternatively,  a  lumped  model  could  he  used  to  accurately  model  the 
line  for  frequencies  which  are  small  compared  to  the  fundamental  nat¬ 
ural  frequency  of  the  line. 
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Two  reasonably  convenient  techniques  are  available  for  determination 
of  the  characteristic  parameters  T  and  Z^  ;  the  constant  R-L-C  model  and 
a  more  rigorous  and  exact  model  based  on  the  direct  solution  of  the  con¬ 
tinuity,  momentum,  and  energy  equations  which  describe  the  process.  Al¬ 
though  considerably  more  complex,  the  "exact"  model  is  generally  superior 
since  it  includes  velocity  profile  and  heat  transfer  effects.  Neverthe¬ 
less,  it  certain  cases  the  two  models  yield  very  nearly  the  same  results 
and  the  simpler  R-L-C  model  is  adequate.  Brief  sunmaries  of  the  tech¬ 
niques  available  for  computation  of  the  characteristic  parameters  are 
given  in  Appendix  A. 


and  Z  it  is  necessary  now 
c  J 


Having  established  means  of  computing  I 
to  rewrite  the  line  equations  in  a  form  suitable  for  step-by-step  graph 
leal  or  numerical  solution.  The  method  of  solution  requires  that  the 
equations  be  written  in  time-difference  form.  By  noting  that 
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a  combination  of  Eqs .  (5)  and  (f  )  yields  the  appropriate  time  difference 
equations  for  the  transmission  line. 

Referring  to  system  schematic  in  Fig.  6,  the  following  time  dif¬ 
ference  equations  may  be  written: 
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Line  (See  Appendix  B) 
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Chamber  (continuity  equation) 
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where 
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Nomenclature  used  above  but  not  previously  Introduced,  Is  defined  below. 

t  ■  time  variable, 

T  ■  — —  ■  characteristic  time  of  line, 

v* 

o 

L  *  transmission  line  length, 

Z  P 

•  c  s 

Z  >  — ■ -  a  dimensionless  characteristic  impedance  of  line, 

c  W 

s 

ft  ■  small  change  of  a  quantity, 

C  ■  fluid  mass  density, 

P  ■  bulk  modulus  of  elasticity  of  fluid, 

V  ■  chamber  volume, 

c 

The  graphical  technique  Involves  a  simultaneous  solution  of  equa¬ 
tions  (7)  through  (11).  In  the  present  example,  there  ar~  two  coupled 
dynamic  elements  -  the  line  and  the  chamber.  Consequently,  two  graph¬ 
ical  solutions  must  be  carried  on  simultaneously,  one  for  the  line  and 
one  for  the  chamber,  with  the  resulting  "common  point  of  intersection" 
being  the  "answer".  A  graphical  interpretation  of  the  technique  is  giv¬ 
en  in  Fig.  7.  Graphical  interpretation  of  Eqs .  (8)  and  (9)  is  compli¬ 
cated  by  the  presence  of  the  friction  correction  terms;  more  tractable 
equations  are  formulated  in  Appendix  B.  It  is  evident  that  events  occur 
in  increments  of  the  characteristic  time  of  the  line,  i.e.,  the  time  for 
a  wave  to  travel  from  one  end  to  the  other.  Therefore  the  minimum  value 

allowed  for  ftT/2  is  TW  /K.P  . 

s  Is 

A  typical  complete  graphical  solution  for  the  lossless  line  case  is 
shown  in  Fig.  8.  For  the  particular  conditions  chosen,  it  is  seen  tha' 
a  limit  cycle  instability  exists. 


The  limit  cycle  or  "surge"  frequency  can  be  determined  directly  from 
the  plot  by  counting  the  number  of  time  increments  required  to  complete 
one  encirclement  on  the  phase  plane  plot,  or  more  easily,  by  observing 
the  period  on  the  time  plot  The  parameters  which  determine  the  limit 
cycle  frequency  and  amplitude  for  a  given  source  characteristic  are  ob¬ 
viously  the  line  length  and  characteristic  impedance,  the  chamber  volume, 
and  the  terminal  impedance.  The  nature  of  the  solution  in  normalized 
form  reduces  the  "free"  parameters  to  the  following  two  ratios: 
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FIG  7  GRAPHICAL  INTERPRETATION  OF  EXAMPLE 


Fig,  8  Graphical  Stability  Analysis  of  an  Active  Source 
Coupled  to  a  Lossless  Transmission  Line 
Terminated  by  a  Load  Chamber  and  Resistance 
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c  c 


where  V  ■  volume  of  transmission  line.  Simple  analytical  means  for 
computing  the  "surge"  or  limit  cycle  frequency  for  the  special  case  of 
R|  ■  •  are  presented  In  Appendix  C. 

Unfortunately,  accuracy  of  solution  using  this  particular  technique 
is  not  assured  in  all  cases.  Since  the  system  contains  a  single  delay 
element  (l.e.,  the  transmission  line),  computations  yield  results  only 
at  the  points  in  actual  time  represented  by  t  ■  2T,  AT,  6T,  .  .  .  etc. 

Good  accuracy  requires  that  the  slope  1  :  6t/2  be  large.  However,  there 
Is  an  Important  constraint  placed  on  the  minimum  size  of  6t/2  due  to  the 
presence  of  the  line.  Unless  Vj/Vc  is  very  small  compared  to  unity,  the 
slope  1  :  6t/2  may  be  too  small  (or  1  :  Zc  may  be  too  large)  to  assure 
adequate  accuracy  of  solution.*  Obviously,  simple  scaling  manipulations 
on  the  abscissa  and  ordinate  do  not  help.  What  actually  I1?  required  Is 
the  Introduction  of  an  artifice  that  will  effectively  reduce  the  minimum 
relative  value  of  6t/2.  Such  an  artifice  Is  achieved  simply  by  dividing 
the  uniform  transmission  line  into  n-sectlons,  each  having  a  length  L'  ■ 
L/n  and  a  characteristic  time  T*  ■  T/n.  The  chamber  "slope  lines"  are 
Increased  In  number  and  slope  by  the  factor  n.  Equations  identical  to 
Eqs.  (8)  and  (9)  except  for  obvious  changes  In  subscripts,  can  be  writ¬ 
ten  for  each  section.  The  graphical  analysis  Is  demonstrated  in  Ref.  1. 

Computer-Aided  Numerical  Prediction  of  System  Relative  Stability 

The  elegance  and  general  utility  of  the  graphical  techniques  present¬ 
ed  In  the  previous  section  are  obvious.  These  techniques  provide  In¬ 
sight  into  problem  formulation  and  solution  which  Is  exceedingly  difficult 
to  realize  with  other  numerical  methods.  Nevertheless,  for  detailed 
design  studies  Involving  extensive  computations,  only  machine  computation 
affords  the  necessary  speed  and  over-all  flexibility.  Techniques  for 
solving  the  previous  example  problem  numerically  with  the  aid  of  a  digi¬ 
tal  computer,  are  demonstrated  In  detail  In  Ref.  1  .  Equations  (8)  and 
(9),  rather  than  their  approximations,  are  utilized.  In  addition,  the 
line  may  be  artificially  divided  into  a  sufficient  number  of  sections  so 
that  the  desired  accuracy  Is  achieved.  Results  of  actual  computations 
are  given  In  the  following  section. 

Comparison  of  Empirical  Predictions  with  Experimental  Measurements 

Results  of  a  typical  set  of  digital  computer  solutions  and  experi¬ 
mental  measurements  are  presented  below  to  demonstrate  ^he  validity  of 
the  numerical  methods. 

It  was  established  earlier  that  the  pertinent  free  parameters  are 
V//Vc  and  R^/Zc.  Only  the  Infinite  resistance  case  (R^  ■  00 )  is  consid¬ 
ered  here.  Figure  9  shows  typical  waveforms  for  various  values  of 
VX/VC.  The  chamber  coupled  to  the  line  introduces  a  type  of  filtering 

*  An  Interesting  exception  is  the  case  where  V  *0  (See  Ref.  1).  In 
this  case  the  solution  is  exact. 
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FI6.9  PRESSURE  OSCLLATIONS  N  A  BLOCKED  CHAMBER 
COUPLED  TO  AN  ACTIVE  SOURCE  (CONF.  3). 
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effect,  such  that  the  higher  harmonics  do  not  generally  appear  as  they 
do  with  the  line  alone  (Ref.  1).  As  V^/Vc  becomes  large,  higher  harmon¬ 
ics  make  the  waveforms  less  sinusoidal.  A  comparison  of  measured  and 
theoretical  (See  Appendix  C)  limit  cycle  frequencies  is  given  In  Fig. 

10.  The  comparison  Is  remarkably  good  even  for  such  short  lines,  there¬ 
by  showing  the  validity  of  the  mathematical  formulation  for  the  range  of 
conditions  considered. 

Oscillation  amplitude  measurements  were  carried  out  using  a  true 
RMS  voltmeter.  The  RMS  value  and  the  amplitude  of  the  fundamental  were 
assumed  to  be  the  same.  A  typical  comparison  of  predicted  and  measured 
results  Is  shown  In  Fig.  H.  The  correlation  Is  remarkably  good  consid¬ 
ering  the  difficulties  of  measurement  and  the  sensitivity  of  the  solu¬ 
tion  to  the  friction  correction.  Since  the  frequencies  were  low  compared 
to  the  natural  frequency  of  the  line  alone,  the  attenuation  factor  was 
computed  from  the  lumped  R-L-C  model  (See  Appendix  A).  A  minor  Improve¬ 
ment  (In  the  favorable  direction)  could  be  achieved  by  using  the  more 
exact  values.  Typical  values  of  the  attenuation  factor  are:  e®  ■  0.9988 
for  L  ■  1  ft.  and  e®  ■  0.9953  for  L  ■  4  ft.  Sensitivity  to  changes  In 
the  fourth  digit  are  apparent'. 

Conclusions 


It  is  believed  that  the  experimental  measurements  conducted  to 
date  adequately  demonstrate  the  importance,  general  usefulness,  and  lim¬ 
itations  of  the  source  characterization  and  the  various  prediction  models. 
Certain  refinements  are  needed  In  the  models,  but,  for  several  practical 
cases  considered,  the  predictions  are  In  remarkably  good  agreement  with 
the  experiments.  The  techniques  developed  should  provide  added  Insight 
Into  jet  modulator  dynamic  stability  problems.  In  certain  special  but 
Important  situations  these  techniques  should  provide  rapid  and  suffi¬ 
ciently  accurate  results  for  actual  component  and  system  design.  Further 
work  Is  needed  to  extend  these  techniques  to  fluid  jet  modulators  of  con¬ 
ventional  design. 
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FIG  10  COMPARISON  OF  MEASURED  AND  PREDICTED  SURGE 

FREQUENCIES  OF  A  TRANSMISSION  LINE  TERMINATED 
BY  A  SIMPLE  CHAMBER 


DIMENSIONLESS  PRESSURE  OSCILLATION  AMPLITUDE 


NOZZLE  SUPPLY  PRESSURE ,  Pf  (IN.  HgO) 

FIG.  II  COMPARISON  OF  MEASURED  AND  PREDICTED 
PRESSURE  OSCILLATION  AMPLITUDES  FOR 
AN  ACTIVE  SOURCE  COUPLED  TO  A  TRANSMISSION 
LINE  TERMINATED  BY  A  CHAMBER 


133 


REFERENCES 


1.  Reid,  K.  N.  Jr.,  “Static  and  Dynamic  Interaction  of  a  Fluid  Jet  and 
a  Receiver-Diffuser,"  Sc.D.  Thesis,  Dept,  of  Mech.  Engrg.,  Mass. 
Inst,  of  Tech.,  Cambridge,  Mass.,  Sept.  1964. 

2.  Johnston,  L.  E.,  “Acoustic  Study  of  the  Interaction  Between  Two 
Receiver  Ports  Coupled  by  an  Incident  Fluid  Jet,"  Sc.D.  Thesis, 

Dept,  of  Mech.  Engrg.,  Mass.  Inst,  of  Tech.,  Cambridge,  Mass.,  June 

1965. 

3.  Brown,  F.  T.,  “Fluid  Jet  Modulators  and  Systems ,“  Chapter  16  of 
Special  Notes  for  a  Two-Week  Program  on  Instrumentation  for 
Measurement  and  Control  Held  at  the  Mass.  Inst,  of  Tech. ,  Aug.  I963. 

4.  Shapiro,  A.  H.,  The  Dynamics  and  Thermodynamics  of  Compressible 
Fluid  Flow,  Vol.  I,  The  Ronald  Press  Co.,  New  York,  1953. 

5.  Rule,  J.  T.,  and  Coons,  S.  A.,  Graphics,  McGraw-Hill  Book  Co.,  1961. 
See  also:  Paynter,  H.  M.,  "Methods  and  Results  from  M.I.T.  Studies 
in  Unsteady  Flow,"  Journal  Boston  Society  of  Civil  Engrs . .  Vol. 
XXXIX,  No.  2,  April  1952. 

6.  Brown,  F.  T.,  “Hydraulic  and  Pneunatlc  Transmission  Lines,"  Special 
Notes  for  a  Two-Week  Program  on  Fluid  Power  Control  Held  at  the 
Mass.  Inst,  of  Tech.,  June  1960. 

7.  Rohman,  C.  P.,  and  Grogran,  E.  C.,  "On  the  Dynamics  of  Pneumatic 
Transmission  Lines,"  Trans.  ASME,  May  1957. 

8.  Shapiro,  A.  H.,  Siegel,  R.,  and  Kline,  S.  J.,  "Friction  Factor  In 
the  Laminar  Entry  Region  of  a  Smooth  Tube,"  Proceedings  of  the  Se¬ 
cond  U.  S.  National  Congress  of  Applied  Mechanics,  June  1954,  pp. 
733-741. 

9.  Brown,  F.  T.,  "Transient  Response  of  Fluid  Lines,"  Trans.  ASME,  Vol. 
84,  Series  D,  No.  4,  Dec.  1962. 


134 


I’  '  f 


APPENDIX  A 

PROPAGATION  OPERATOR  AND  CHARACTERISTIC  IMPEDANCE  DETERMINATION 
FOR  A  UNIFORM  PNEUMATIC  TRANSMISSION  LINE 

Constant  R-L-C  Model  (Refs.  6  A  7)  The  series  impedance  and  shunt 
admittance  are  given  by 

2  -  ID  +  R 

and 

Y  -  CD 
where 

I  ■  inertance  per  unit  length  of  line, 

C  ■  capacitance  per  unit  length  of  line, 

R  ■  resistance  to  flow  in  line  per  unit  length 
D  •  d/dt 

Thus  /  k  < 

r  -  JlC  D  +  RCD  *  L 

and  __  _  _ _ - 

z  -  / z/y1  -  /T7c  •  /I  +  R/ID 

c 

where  L  *  length  of  line. 

But  if  R  is  sufficiently  small  (as  it  usually  la),  or  if  R/lw  «  l  » 
where  u)  is  the  lowest  frequency  component  of  interest,  then 


f  -  -or  +  TD  * 


J  -J-  +  L  /Cl  D 


h-JT-  0* 


For  sinusoidal  excitation  the  following  limiting  forms  are  useful: 


«  1 


»  1 


r-  l  -Y-J-j-  +  jl  m 


Z  tm 
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r  -  l 


■*  JL 


Thus,  for  uniform  attenuation,  the  attenuation  constant  is 


«  1 


a  •  -  L 


»  1 
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If  it  Is  assuaed  that  the  flow  it  fully  developed  and  laminar  and  that 
the  line  friction  Is  the  same  as  for  steady  flow,  the  attenuation  con¬ 
stant  can  ve  expressed  In  terns  of  line  and  fluid  properties*  as 
follows: 

4LU 


a  c 

o 

or  - — —  /vuT  for  “r —  »  1 

ac  2 

o  a  a) 

The  assumption  that  the  resistance  is  the  sane  as  for  steady,  fully- 
developed  lanlnar  flow,  can  be  defended  only  for  cases  where  the  frequen¬ 
cy  Is  low  and  the  line  length-to-dlameter  ratio  Is  large.  At  the  higher 
frequencies  unsteadiness  of  the  flow  results  In  an  effectively  higher 
value  of  the  resistance.  Rohmann  and  Grogran  (Ref.  7)  suggest  that  R  be 
increased  by  20  percent  over  the  calculated  value.  Equally  Important  is 
the  fact  that  In  nany  practical  situations  (and  perhaps  in  the  majority) 
the  line  length-to-dlameter  ratio  Is  not  large  enough  to  discount  the 
effect  of  Increased  resistance  to  developing  flow,  l.e.,  the  apparent 
friction  factor  (and  therefore  the  resistance)  is  significantly  greater 
in  the  "entry  length"  of  a  tube  than  in  the  fully-developed  region  many 
diameters  downstream.  Resistance  estimates  based  on  the  friction  factor 
correlations  summarized  by  Shapiro,  e^.  al . ,  (Ref.  8)  should  provide  cor¬ 
rections  which  are  adequate  for  most  engineering  purposes.  These  corre¬ 
lations  allow  computation  of  the  Integrated  apparent  friction  factor  in 
the  laminar  entry  of  a  tube  as  a  function  of  diameter  Reynolds  number 
aid  the  tube  L/D  ratio.  The  resistance  R  is  computed  easily  from  fric¬ 
tion  factor  Information. 

"Exact"  Model.  Derivations  for  the  progagation  operator  and  character¬ 
istic  Impedance  sre  given  by  Brown  (Ref.  9).  The  model  assumes:  cylind¬ 
rical  tube,  one -dimensional  flow,  Isothermal  walls,  small  amplitude 
laminar  disturbances,  and  continuous  medium.  Results  pertinent  to  the 
present  study  have  been  extended  In  range  and  replotted  in  Figs.  A.l  and 
A. 2.  Attenuation  factors  as  a  function  of  line  and  fluid  properties  may 
be  obtained  from  Fig.  A.l.  Since  dispersive  effects  are  neglected  In  the 
present  example,  only  the  magnitude  of  the  characteristic  Impedance  need 
be  considered.  Figure  A. 2  may  be  used  to  obtain  a  co  ectlon  to  the  nom¬ 
inal  value  of  the  characteristic  Impedance  (l.e.,  Zcq  *•  c0/A) . 

APPENDIX  B 

If  the  solution  sought  In  the  example  is  assumed  to  start  at  t  •  t, 
a  combination  of  Eqs .  (8)  and  (9)  yields 


v  ■  kinematic  viscosity 
a  •  line  radius 
w  ■  frequency 


for 


8v 


2 

a  (d 


«  1 
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FIG.  A. 2  MAGNITUDE  OF  UNE  CHARACTERISTIC  IMPEDANCE 


A 


Wa(t  +  T*>  Wb(t)  ..  -cr.  Wa(t  +  T) 

w  i  =  w  W  (l  "  e  ^  V 

s  /  s  s  s 


1 


+  — 
Z 


-or  ?  (t  +  T) 
e  a '  ' 


pb<t> 


(B-l) 


for  the  time  period  t 
t  ■  T  to  t  -  2T 


0  to  t  ■  T.  Similarly,  for  the  time  period 


U 


Wb(t  +  2T) 
W 


Wa(t  +  T) 


^  W  (t  +  T) 

/  °  is  a 

(e  -  1)  — 


W 


c  L- 


0  Pa(t  +  T)  Pb(t  +  2T) 


(B-2) 


Equations  (B  1)  and  (B  2)  do  not  adnlt  simple  graphical  Interpreta¬ 
tion.  However,  since  the  usual  case  Is  such  that  or  «  0  ,  Eqs .  (B-l)  and 
(B-2)  may  be  approximated  by  the  following  more  tractable  but  approximate 


(w>\  .1 

"  Pa(t  +  T) 

Pb<‘> 

l  W  J  at 

P 

P 

Vs/  e  Zc 

s 

s 

(B-3) 


and 


e_<>Z 


Pa(t  +  T)  Pb(t  +  2T) 


(B-4) 


These  relations  are  "exact"  for  the  special  case  of  a  lossless  line, 

i.e. ,  or  -  0. 


APPENDIX  C 

ANALYTICAL  PREDICTION  OF  SURGE  FREQUENCY  FOR  A  LOSSLESS  TRANSMISSION 
LINE  TERMINATED  BY  A  SIMPLE  CLOSED  CHAMBER 

It  Is  possible,  without  carrying  out  any  graphical  or  numerical  sol¬ 
utions,  to  predict  the  surge  frequency  of  the  system  In  Fig.  6  for  two 
Important  special  cases:  1)  R/  ■  00  ,  and  2)  ■  0  .  The  surge  frequency 

Is  the  lowest  natural  frequency  of  the  system  and  is  the  frequency  at 
which  the  limit  cycle  Is  most  likely  to  exist.  For  R^  -  0  the  surge  fre¬ 
quency  Is  merely  the  half-wave  frequency  of  the  line.  The  case  of  infin¬ 
ite  load  terminal  impedance  is  more  Interesting.  Two  approaches  are 
available,  depending  on  the  nature  of  the  model  for  the  line.  Either  the 
lumped  or  distributed  parameter  model  may  be  used. 
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Distributed  Parameter  Solution.  Aieuae  that  the  line  is  lossless  and  that 
the  effective  bulk  Modulus  of  the  fluid  in  the  line  is  equal  to  that  in 
the  chamber.  The  governing  equations  for  the  lossless  line  are: 

Pb  -  [cosh  TD]Pa  -  Zc  [sinh  TD]Wa  (C-l) 

and 

[sinh  TD]P  +  [cosh  TD]Wa  (C-2) 

c 

where  D  e  d/dt 

Considering  the  terminating  chamber  as  a 'pure  capacitance" gives 


V 


b 


(C-3) 


Combining  Eqs.  (C-l)  through  (C-3)  and  assuming  sinusoidal  motion  ( i,  e.  , 
setting  D  -  Jou 


[  jd\  gfcoshTIo,  +  sinh2TU)  (C-4) 

l  Pj  P  +  PV  r(juU)(tanhTJou) 

\  a/jm  c  c 


where 


uu  ■  frequency 

j-VT 

The  surge  frequency  can  be  det  rmined  by  setting  the  characteristic 
equation  of  the  above  transfer  function  equal  to  zero.  Thus 


-JV  -  uT  tan  wT  (C-5) 

P  c  c 

Since 

we  find  that 

—  *  T]  tan  v  ( C-6 ) 

c 

where 

■  volume  of  line  h  AL 
71  ■  dimensionless  surge  frequency  ■  juT 
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By  noting  that  the  fundamental  natural  frequency  of  the  line  with  aero 
terminating  volume  is 


n 


i 


speed  of  sound  1 

'  kt - 5t 


and  setting  uu  ■  2nfr  we  obtain 

cl  ’ 


(C-7) 


Equations  (C-6)  and  (C-7)  relate  the  dimensionless  surge  frequency  to 
the  line-to-chamber  volume  ratio.  The  resulting  relation  for  the 
fundamental  Is  plotted  in  Fig.  C.l.  For  the  case  when  ■  0,  it  is 
necessary  to  consider  the  multi-valued  character  of  Eq.  (C-6). 


Lumped  Parameter  Solution.  When  the  surge  frequency  is  small  compared 
to  the  fundamental  natural  frequency  of  the  line  alone ,  a  simple 
lumped  parameter  model  of  the  line-tank  system  is  adequate.  For  example, 
consider  the  line  as  a  "pure  Inertance"  (no  capacitance), 


P 

a 


(c-8) 


Combining  Eqs.  (C-5)  and  (C-8),  and  solving  the  resulting  characteristic 
equation  for  the  surge  frequency  gives 


from  which  follows 


(C-9) 


(C-10) 


Alternatively,  considering  the  line  as  a  "pure  inertance"fol lowed  by  a 
"pure  capacitance"  (the  volume  of  which  may  be  lumped  with  the  chamber 
volume),  the  following  result  is  obtained: 


The  expressions  in  Eqs.  (C-10)  and  (C-ll)  are  compared  to  the 
distributed  parameter  solution  in  Fig.  C.l. 
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FIG.  C.l  SURGE  FREQUENCY  OF  A  LOSSLESS  TRANSMISSION  LINE 
TERMINATED  BY  A  SIMPLE  CHAMBER 


TRANSIENT  THEORY  OF  SWITCHING  IN  A  BISTABI£  VALVE 


D.  W.  Harvey 

Missile  &  Space  Systems  Division 
Douglas  Aircraft  Company,  Inc. 


ABSTRACT 


The  basic  equations  are  presented  for  one-dimens  ional  unsteady 
flov  of  the  control  fluid  in  a  bistable  valve  during  switching. 
The  effect  of  the  induced  pressure  gradient  is  included,  and  a 
method  is  Indicated  for  including  friction.  Solution  of  these 
equations  by  a  modification  of  the  method  of  characteristics 
is  outlined,  for  the  case  of  small  control  fluid  bubble  slope 
(so  that  the  main  stream  can  be  assumed  lsentropic)  and  super¬ 
sonic  main  stream  velocity.  It  is  shown  how  this  solution  may 
predict  switching  times. 
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1.0  HHTODUCTIOf 


Experiment  (reference  l)  seems  to  indicate  that  a  bistable  valve 
witches  because  of  the  growth  of  a  bubble  of  control  fluid  along 
the  vail  downstream  of  the  control  port.  Fluid  is  Injected  into 
the  bubble  at  the  port,  not  necessarily  at  a  constant  rate.  The 
fluid  in  the  bubble  is  forced  downstream  by  the  pressure  gradient, 
and  undergoes  momentum  transfer  at  both  the  wall  and  the  bubble  - 
main  flow  interface. 

It  is  the  purpose  of  this  paper  to  analytically  describe  the  tran¬ 
sient  behavior  of  the  control  bubble  under  these  influences. 


2.0  BASIC  BQDATIOiS 

Geometry  is  ass  wed  as  shown  in  figure  1.  Flow  in  the  bubble  is 
one-dimensional  and  unsteady.  Consider  the  control  volume;  let 
b  ■  1  so  that  d?  •  hdx  and  A  -  h. 


Continuity  Flow  rate  in  •  (puh)x 

Flow  rate  out  ■  (puh)x  +  (puh)dx 

Rate  of  storage  •  -r-£  phdx 


Flow  in  -  storage  -  flow  out  ■  0 


Momentum 


(1) 

(2) 


This  implies  lnviscld  flow  but  this  is  not  essential;  within  the 
one-dime  ns  lonal  assumption  friction  is  easily  Included  by  saying 
p  -  p#-  r  ,  where  p  is  now  the  one-dimensional  stress  tensor, 
p'ls  the  pressure,  and  Z?  includes  shear  at  the  vail  and  at  the 
bubble-stream  interface. 

We  now  have  two  equations  and  four  unknowns  (p,  u,  h  and  p,  all 
functions  of  x  and  t).  The  energy  equation  and  a  state  equation 
such  as  p  >  pRT  are  available;  this  gives  a  net  decresue  of  one 
unknown.  The  other  may  be  obtained  from  considering  coupling 
with  the  main  stream. 
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POSSIBLE  SPLITTER 


CONTROL 

PORT 


FIGURE  1 
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With  some  assumption s,  a  somewhat  simpler  scheme  can  be  devised. 
As  aiming  the  main  stream  to  adjust  aueh  faster  than  h  changes, 
h  (x)  implies  p  (x).  Roughly  speaking,  this  approximation  lrlll 


be  correct  If  ^  ~  Is  auch  less  than  the  main  stream  x -direct Ion 

velocity.  Further,  assuming  flcv  In  the  bubble  lsentroplc,  p  and 
p  are  related  by  pp“  *  -  const. 


The  relation  between  h  and  p  Is  to  be  found  by  solving  the  two- 
dimensional  problem  of  a  body  (the  bubble)  In  a  Jet  (the  main 
stream) .  This  can  often  be  done.  If  the  body  Is  slender,  linear¬ 
ised  methods  can  be  used.  If  the  main  flow  Is  supersonic,  the 
method  of  characteristics  may  apply.  In  this  case,  even  greater 
simplicity  results  If  the  main  stream  la  assumed  lsentroplc.  Then 

the  change  In  boundary  slope  (i.e.  )  can  be  set  equal  to  the 

change  In  Prandtl-Meyer  angle.  This  directly  determines  the  local 
main  stream  Mach  number  and  thus  the  local  pressure  p.  (Rote  ' .hat 
since  this  last  method  implicitly  assumes  the  main  flow  of  Infinite 
extent.  It  only  applies  downstream  to  the  point  at  which  the  Mach 
wave  from  the  leading  edge  of  the  bubble,  reflected  from  the  Jet 
free  surface,  returns  to  the  bubble-stream  Interface.) 

3.0  METHOD  OF  S0LUTI0H 


It  appears  possible  to  use  the  method  of  characteristics  for 
solving  (1)  and  (2).  Modification  Is  necessary  In  order  to  use 
the  relation  mentioned  above  between  h  and  p  without  Including 
It  explicitly. 

Characteristic  Equation 

Multiply  (1)  by  X  and  add  to  (2).  This  gives 

X  p  ♦  \>u  +  (Xh  ♦  u)  ♦  (Xuh  +  u^) 

♦  P  ♦  (Xoh  +  2pu)  ■  0  (3) 


It  will  be  possible  to  combine  partial  derivatives  to  fora  total 
derivatives  along  the  characteristic  described  by 


dx 

Ht 


2 

Xuh  +  u 
"  Mi  ♦  u 


+  2pu 
P 
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Ibis  implies 


*  u  and  X  ■ 

Compatibility  Condition 

Substitute  for  X  In  (3),  Multiply 

1  5* 
u  dt  : 

§u  ^h  ..  pu2  3  h  f  1 

"  Tt  4t  'TT  TZ  (u 

♦  (U2  -  a2)  If  4t  ♦  p  If  dt 

This  reduce*  to 

-  dh  +  pdu  * 

Integrating: 

*  i  •  J  -k  &  dt  +  0  (5) 

Thie  is  the  equation  that  holds  along  the  characteristics . 

Bov  in  general  another  set  of  characteristics  is  needed,  vlth 
equations  like  (3)  holding  along  thea.  Here,  since  p  is  an 
Implicit  function  of  h  and  thus  no  longer  an  unknown  in  good 
standing,  soae  other  Method  must  be  used. 

k.O  OUTLINE  OF  SOLUTION 


u 

h 


(*0 


by  dt  and  where  appropriate  by 


dz 

dt 


dt  +  (u  -  u)  dt 

(2  Ott  -  p«)|f  ^ i  afV)'H  **x 


& 


dt  -  0 


Consider  the  x  -  t  plane.  Conditions  (i.e.  h,  u,  p,  p)  aust  be 
known  along  the  x  axis  (initial  conditions)  and  the  t  axis 
(boundary  conditions).  Consider  a  time  t.  >  0.  We  can  find 
(h/u)°  along  this  line  by  (5 )  and  (4),  assuming  initial  con¬ 
ditions  to  hold  on  the  Interval  0#  t  d.  t.  as  is  usual  in  the 
method  of  characteristics.  The  superscript  is  the  level  of 
approximation. 


dt  —  0 


Knowing  (h/u)°,  we  cm  now  ••mam  h0,0(x,  tx)  •  h(x,0)  and  calcu¬ 
late  o0,0(x,t.).  This  asstagrtlon  implies  p°'°(x,  t.)  -  p(x,  0). 
With  t tea*  we  cm  aaa  (1)  to  calculate  ( )  end  if  tx  is 
sufficiently  wall  h0,1(x,  -  h°'°  ♦  (  Tbm 

h0,1(x,  t^)  lilies  (by  tha  assmed  relationship  betas  an  h  and  p) 
p0,1lx,  tx),  and  this  la  turn  glrw  p0,1(x,  tx).  Still  using 
(h/u)°  vu  oan  near  find  u0'1  and  ( )0#i.  Than  h0,2(x,  tx)  » 
k0'1  ♦  )  t^.  Clearly  Iteration  vlll  gim  h°,n  and  u°,n. 

Ifceee  mines  can  than  be  used  to  oorrect  the  characteristics  to 

provide  (h/u)\  When  h*,n(x,  t.)  and  u>,n(x,  t.)  change  suf¬ 
ficiently  little  between  iterations,  they  are  used  as  initial 
conditions  to  calculate  mines  along  tg. 

5.0  APPMCATICat 

For  the  case  of  the  bistable  mire,  it  is  conjectured  that  the 
tine  of  Interest  Is  that  at  which  h  equals  sone  fraction,  perhaps 
one-half  or  greater,  of  the  distance  to  the  splitter.  Froa  hare 
on  the  wain  flew  nay  complete  tha  process  itself,  by  entraining 
fluid  at  the  free  surface  and  finally  attaching  to  the  opposite 
side.  On  the  other  hand,  if  the  control  flow  Is  s  us  tailed  at  a 
high  enough  rate,  the  aaln  flow  any  be  driven  orer  faster  than 
It  would  aore  by  Itself.  It  any  be  expected  then  that  for 
sufficiently  high  oontrol  flow  rates  the  switching  tine  will  be 
proportional  to  the  tins  required  for  h  to  equal  sow  constant 
fraction  of  the  distance  to  the  splitter,  as  predicted  by  this 
analysis.  For  lower  oontrol  flow  rates  the  tine  will  be  less 
than  he  prediction.  Hote  also  that  the  considerations  above 
neglect  the  inertia  of  the  essentially  stagnant  fluid  in  the 
duct  to  which  the  aaln  Jet  is  to  be  switched.  This  vl.* '  cause 
the  switching  tine  to  Increase,  for  ducts  of  sufficient  length. 

An  experimental  prograa  intended  to  test  this  analysis  has  bean 
started.  An  adjustable  supersonic  bistable  mire  is  to  be  used. 
This  will  permit  the  bubble  to  generate  only  weak  shocks  in  the 
aaln  strew,  allowing  h  and  p  to  be  related  by  the  slaple  lsen- 
tropic  assumption,  at  least  near  the  start  of  control  flow. 

Direct  aeasurmentfl  of  bubble  growth  by  flow  visualization  will 
be  attempted. 


6.0  OOSCIOBIOftS 


A  Method  of  calculating  control  fluid  bubble  growth  ha*  been 
derived.  1b*  Method  i  quit*  general  for  any  c***  of  a  gee 
injected  into  a  strewn.  In  principle,  the  stress  need  not  b* 
unifora  and  th*  bubble  need  not  be  Mali,  although  then* 
factor*  ■ ay  complicate  the  relation  between  h  and  p.  Sowerer, 
if  the  assagption  of  rapid  adjustment  la  need,  the  strewn  aunt 
be  of  high  velocity. 

This  aethod  ehould  accurately  predict  the  rate  of  aain  etrean 
deflection  In  th*  early  etegee  of  evltching,  and  nay  be  accurate 
to  within  a  constant  for  sufficiently  high  control  flow  rate*. 
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FLUERIC  PRESSURE  REGULATION 
USING  A  RESISTANCE  SET  POINT 


by 

CLPT.  HARRY  N.  WHITE 


ARMY  MATERIEL  COWAND 


DEPARTMENT  OF  THE  ARMY 
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A  closed  loop  feedback  control  system  is  described  that 
provides  a  stabilized  pressure  notwithstanding  variations  in 
the  source  pressure  or  the  output  loading.  The  system  oper¬ 
ates  about  a  reference  point  at  which  the  value  of  a  linear 
and  nonlinear  resistor  coincide. 

HBFAICRI  NOTE 

This  paper  discusses  in  simplified  form  portions  of  an 
analysis  performed  by  Captain  Harry  N.  White  on  the  optimi¬ 
zation  of  a  flueric  pressure  regulator.  Because  of  the 
sudden  reassignment  of  Captain  White,  this  paper  was  written 
by  Silas  Katz  and  Gary  Roffman. 

The  concept  of  the  regulator  is  due  to  H.  N.  White  and 
J.  M.  Kirshner. 
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The  block  diagram  of  a  conventional  pressure  control  system 
is  shewn  in  figure  1.*  The  objective  of  the  system  is  to  maintain 
the  regulated  pressure,  P^,  at  a  value  fixed  by  the  reference 
pressure,  Ps,  for  a  wide  range  of  unregulated  pressure,  Pu. 

In  operation,  the  set  point  reference  pressure  and  a  feedback 
pressure  signal  are  supplied  to  a  summing  junction  whose  output 
represents  an  error  pressure.  This  error  signal  is  in  turn  in¬ 
tegrated  and  passed  on  to  a  control  amplifier,  which  supplies 
the  corrective  action  to  reduce  the  error  to  zero.  This  correc¬ 
tive  output  plus  the  unregulated  pressure  supply  are  summed  to 
produce  the  regulated  pressure  supply.  With  the  loop  closed  the 
expression  for  the  regulated  pressuie  is 


p (s)  K.  K  s[P(s)J 

p  ( s\  _  — § - -A — s —  + - — - 

R  }  s  +  H(s)  Ka  K  s  +  H(s)  K.  K 

AC  AC 


where  s  is  the  complex  frequency, 

K  are  the  gains  of  amplifiers,  and 

A  C 

H(s)  is  the  transfer  function  of  the  feedback  circuit. 

For  a  fixed  reference  pressure,  the  change  in  the  regulated 
pressure  due  to  a  change  in  the  unregulated  pressure  is  obtained 
by  differentiating  equation  (1)  with  respect  to  P  (s).  The  re¬ 
sult  is  U 


&PRU)  = 


s[a?u(s) J 
s  +  H(s)  K  K 

A  C 


where  k P^  =  change  in  regulated  pressure,  and 

APU  =  change  in  unregulated  pressure  or  the  disturbance 
pressure  signal. 

Now  if  the  disturbance  is  applied  rs  a  unit  step  change 
in  the  ^unregulated  supply,  &Pu(s)  =  l/s  and  equation  (2)  bee  ones 


^R(s)  =  s  + 


s  4  H(s)  KaKc 


Applying  the  final  value  theorem  to  equation  (3)  gives  for 
the  final  steady-state  change  in  regulated  pressure 
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APp(t)  =  11m  s  aPp(s)  =  0 

»  R  (4) 

t  -  ®  s  -  0 

The  steady-state  value  of  the  regulated  pressure  is 
therefore  not  changed  ty  the  change  in  the  unregulated  supply 
pressure.  This  is  a  consequence  of  the  integration  component. 

If  tie  integration  is  imperfect, the  regulated  pressure  does 
change . 

2.  FLUERIC  PRESSURE  CONTROL  SYSTEM 

An  approximation  to  the  pressure  control  system  discussed 
in  the  previous  section  was  constructed  with  flueric  components. 

It  will  be  shown  that  the  flueric  pressure  control  system  is 
described  by  an  equation  of  the  same  form  as  the  conventional 
system. 

A  schematic  drawing  of  the  flueric  pressure  control  systei 
is  shown  in  figure  2.  The  set  point  pressure  i«  obtained 
by  connecting  the  regulated  pressure  to  the  controls  of  a  jet- 
deflect  ion -type  proportional  fluid  amplifier  through  a  linear 
capillary  resistor  on  one  control  and  a  nonlinear  orifice  re¬ 
sistor  on  the  other.  The  values  of  these  resistors  are  adjusted 
to  provide  a  null  output  of  the  set  point  amplifier  at  the 
desired  regulated  pressure.  The  output  of  the  set  point  amplifier 
is  fed  into  a  bootstrap  integrator.  This  is  a  Jet  deflection 
amplifier  with  positive  feedback  resistors  adjusted  to  provide  an 
integrating  operation.  The  output  of  the  integrator  is  connected 
to  the  controls  of  a  final  control  power  Jet  deflection  amplifier. 
The  control  amplifier  supplies  fluid  to  the  regulated  pressure 
source  through  one  output  aperture  and  dumps  to  atmosphere  through 
the  other.  The  power  Jet  of  the  final  control  amplifier  comes 
from  the  unregulated  pressure  source.  The  other  amplifiers 
receive  power  Jet  pressure  only  from  the  regulated  source. 

The  transfer  functions  of  the  flueric  components  of  the  system 
are  considered  in  the  following  sections.  Since  the  components 
presently  available  have  relatively  high  output  impedances,  the 
transfer  function  is  obtained  with  the  component  loaded  by  the 
succeeding  component. 

3.  THE  SET  POINT 

Unless  moving  parts  are  included,  it  is  not  feasible  to  use 
a  fixed  pressure  reference.  Rather  the  pressure  set  point  must 
be  a  function  of  passive  circuitry.  This  is  easily  accomplished 
with  the  push-pull  Jet -deflect ion -type  amplifier  ty  introducing 
a  non-symmetry  into  the  amplifier  or  the  amplifier  circuit.  In 


this  case  a  linear  capillary  resistor  R  is  connected  to  one 
control  and  a  nonlinear  orifice  resistor  of  area  A  is  con¬ 
nected  to  the  other.  This  results  in  the  bridge  circuit  shown 
in  figure  3.  The  input  resistances  of  the  amplifier  R^  are 
assumed  to  be  linear.  The  control  pressure  on  the  linear  side 
PC1  may  be  written  as 


RA 


ei  Ra  -  Rs 


(5) 


The  control  pressure  on  the  nonlinear  side,  assuming  that  the 
orifice  has  a  discharge  coefficient  of  unity,  is 
R.2  A_2  Ra2  k_2  2?n  1/2 


cn 


11  ♦ 
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(6) 


Using  the  binomial  expansion,  equation  (6)  becomes  approxi¬ 
mately 


P  1 
PR  '  2 


(7) 


The  error  pressure  signal  Pe  applied  across  the  controls 
of  the  set  point  amplifier  is  obtained  from  equations  (5)  and 
(7)  as 


P 

e 


P 

cn 


-  R  i 

^  ■-  p  ♦  i 

ra  +  r8  r  2 


ra2  a//o 


(8) 


When  the  error  pressure  is  zero,  the  regulated  pressure 
Pp  equals  the  pressure  set  point  Pg  and  equation  (8)  gives  the 
set  point  as 


P 


s 


(9) 


The  output  of  the  set  point  amplifier  is  k,  Pe,  where  k,  is 
the  gain  of  the  set  point  amplifier  when  loaded  with  the  bootstrap 
liitegrator  circuit.  This  represents  a  resistive  and  capacitive 
load. 


4.  TrtE  BOOTSTRAP  INTEGRATE 


The  quantity  to  be  integrated  is  the  product  of  che  gain 
of  the  set  point  amplifier  and  the  error  pressure  signal  (k^  P  ). 
Mathematically  the  perfect  integral  of  this  is  vrritten  as  e 


where  1c,  is  the  rate  gain  of  the  integrator. 


To  approximate  this  transfer  function,  the  bootstrap  in¬ 
tegrating  circuit  (ref  l),  shown  schematically  in  figure  4,  is 
used.  The  irrnrt  is  fed  into  a  jet  deflection  amplifier  through 
an  RC  circuit  at  each  control.  Each  output  is  fed  back  to  the 
controls  in  a  positive  sense.  Following  through  the  network 
equations  yields  the  following  relation  between  the  output  and 
input: 


Integrator  output  _ 

Im,egrator  input  **i  ^  1  - .  Rj  &1 

1  G  +  G  U  +  Rf  *  "  RpJ 


(10) 


where  G  *  gain  of  the  amplifier  loaded  with  the  controls  of  the 
final  control  amplifier  Rc 

R^  *  forward  loop  resistance  of  integrator 

Rp  =  feedback  loop  resistance  of  integrator 

Rp  *  input  resistance  of  amplifier 

C  =  capacitance  of  integrator  tanks 


Equation  (10)  shows  that  a  perfect  Integration  can  be  ob¬ 
tained  by  selecting  the  components  so  that  the  second  arid  third 
terms  in  the  denominator  are  equal.  In  practice  this  cannot 
be  done  perfectly,  and  the  following  function  is  obtained. 


Integral.  amem  =  k.£ 

Integrator  input  s  +  c 


(11) 


where  c  is  the  error  or  deviation  in  the  denominator  that  causes 
imperfect  integration.  For  the  integrator  input  k^  P  ,  the  out¬ 
put  of  the  integrator  is 


s  ♦  c 


5.  THE  FINAL  CONTROL  CIRCUIT 


The  output  of  the  Integrator  is  applied  across  the  controls  of 
the  final  control  amplifier  (fig.  5).  One  of  the  output  apertures 
of  the  final  control  amplifier  supplies  fluid  to  the  regulated  pressure 
source.  The  other  aperture  is  dumped  to  atmosphere.  The  regulated 
supply  pressure  is  a  function  of  the  control  pressure  difference  across 
the  amplifier,  the  power  Jet  pressure  of  the  amplifier,  which  is  the 
unregulated  supply  pressure  P  and  the  load  on  the  source.  The  final 


control  amplifier  provides  the  corrective  action  from  the  set  point  and 
integrator  and  is  also  the  input  for  the  unregulated  supply  pressure. 

The  gain  of  the  amplifier  remains  essentially  constant  over  a  large 
range  of  power  Jet  pressure.  Changing  the  unregulated  supply  pressure, 
however,  does  change  the  pressure  recovered  at  the  output  aperture.  This 
recovery  pressure  from  the  unregulated  supply  can  be  expressed  as  k  P^  , 

where  k  ,  the  recovery  factor,  is  a  function  of  the  geometry  of  the  unit 


and  the  load  on  the  regulated  supply. 


Because  the  final  control  amplifier  is  not  operated  differentially, 

the  gain  k,  is  halved.  The  regulated  pressure  can  be  expressed  in  terms 
✓ 

of  the  error  signal  of  the  set  point,  the  integrator  and  final  control 
amplifier  gains,  and  the  recovery  pressure  of  the  final  control 
amplifier  as 


4  4  4  4 
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(12) 


The  error  pressure  Pg  is  a  function  of  the  difference  between 

the  set  point  x ressure  P  and  the  regulated  pressure  P  .  For  small 

S  it 

error  pressure  signals,  P^  can  be  written  as 


’e  ’  (Ra  ♦  Rs)  PR  “  V 


(13) 


Thus  in  terms  of  the  set  pressure  equation  (12)  becomes 
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Differentiating  equation  (14)  with  respect  to  P  for  a  fixed 


rt  ference  pressure  results  in 

2(s  +  e)  \P  (s)  k 
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Now  as  in  equation  (2)  a  unit  step  disturbance  is  applied  and  equation  (15) 
becomes 


2k  ♦  2c  k./s 

APr  (s)  *  — * * - * - R - 

2s  ♦  12.  -  kj.  k2  k3  (  5— ^  )  J 


( 16) 


The  steady-state  value  of  the  change  in  regulated  pressure  applying  the 
final  value  theorem  can  then  be  written  in  the  time  domain  as 


Pr(») 


(17) 


Thus  the  accuracy  of  maintaining  a  regulated  pressure  depends  on 
the  integrating  error,  the  gain  of  the  amplifiers,  resistor  values  of 
the  set  point,  and  the  pressure  recover^  factor  for  a  unit  input. 


Bxraanffimii  seuhai* 


Several  pressur »  regulators  using  the  resistance  set  point  were 
bull:  by  Captain  White.  These  regulators  were  different  from  the  pressure 
regulator  described  in  this  paper  in  that  the  set  point  resistors  were 
introduced  into  the  integrator  stage  to  reduce  the  number  of  active 
components.  Typical  results  are  the  maintaining  of  a  regulated  pressure 


of  16.4  kN/m 


2 


when  the  unregulated  supply  was  operated  between  60  and 


2 

100  kN/m  .  Over  this  range  of  unregulated  pressure  the  percentage  change 
in  the  regulated  pressure  P  was  1/17  the  percentage  change  in  the  unregu¬ 
lated  supply,  P  .  r 
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ABSTRACT 


The  characteristics  of  the  fluid  Induction  AND  logic  unit  are 
discussed.  The  principle  of  operation  of  this  empirically  designed  device 
and  the  Impedance  matching  technique  employed  to  adapt  It  to  fluid  clrcultb 
are  discussed. 

I.  INTRODUCTION 

Fluid  logic  circuits  require  an  AND  unit  that  functions  even  If 
there  exists  a  considerable  difference  in  amplitude  between  the  two 
inputs.  In  addition,  the  AND  unit  should  have  a  pressure  recovery  that 
is  comparable  to  an  average  bistable  amplifier  and  It  must  be  capable 
of  being  impedance  matched  into  circuits  without  difficulty.  It  Is  also 
desirable  that  it  be  an  AND/NOT  type  of  device.  This  device  has  three 
outputs  in  which  there  Is  flow  in  only  one  at  a  time.  The  outputs 
are  designated  by  A  not  B,  B  not  A,  and  A  and  B. 

This  report  gives  a  short  discussion  on  the  behavior  of  an  induction 
AND  which  meets  these  criteria  and  the  principles  of  its  operation.  The 
use  of  a  mutual  control  between  the  two  Input  signals  is  the  basic 
difference  in  principle  from  other  units  that  perform  logic  functions. 

II.  THE  PRINCIPLE  OF  SWITCHING 

If  the  walls  are  close  to  the  stream,  lowering  the  pressure  in  the 
control  of  a  fluid  amplifier  is  as  effective  in  switching  the  power  stream 
as  the  use  of  a  higher  pressure,  but  :his  technique  16  not  generally  used 
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since  higher  pressures  are  more  easily  produced.  The  fluid  induction  AND, 
however,  does  operate  as  a  result  of  a  lew  pressure,  but  it  generates  Its 
own  reduced  pressure  from  the  Input  signals  to  produce  the  switching 
action. 

The  induction  AND  gate  in  the  broadest  sense  Is  a  combination  of  two 
fluid  amplifiers.  They  are  combined  in  such  a  way  as  to  have  a  mutual 
control,  a  mutual  output  plus  two  individual  outputs.  Figure  1  shews 
the  channels  of  the  two  input-three  output  network.  The  mutual  control 
as  indicated  is  the  connecting  channel  in  which  the  low  pressure  is 
generated  by  the  entrainment  of  two  simultaneous  input  signals.  This  is 
the  pressure  that  causes  both  streams  to  bwltch  to  the  inner  walls.  Both 
streams  must  be  present  to  maintain  any  inner  wall  lock-on. 

The  operating  characteristics  of  the  AND/NOT  device  are  as  follows: 

a.  With  A  input  only,  there  16  flow  out  of  A  output  only  (fig.  2a) 

b.  With  B  input  only,  there  is  flow  out  of  B  output  only  (fig.  2c) 

c.  With  inputs  A  and  B,  there  is  flow  out  of  A-B  only  (fig.  2b). 

d.  With  flows  into  both  A  and  B,  if  B  suddenly  ceases,  A 
rapidly  switches  from  A-B  to  A  output  only;  a  similar  result 
occurs  if  A  suddenly  cease6. 

The  above  action  is  accomplished  by  a  unique  biasing  arrangement. 

This  can  be  described  by  imagining  a  fluid  signal  being  applied  at  one 
input.  As  the  stream  leaves  the  input  nozzle  it  finds  the  pressure  in 
the  mutual  control  channel  the  same  as  in  the  entrainment  passage  which 
are  Just  opposite  one  another.  See  figures  1  and  2.  The  flow  path  in 
this  case  will  be  determined  by  the  physical  construction  of  the  unit. 
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The  outer  wall  which  is  on  the  entrainment  passage  side  is  much  closer  to 
the  flow;  in  fact,  the  corner  of  the  entrainment  passage  and  outer  wall 
slightly  overlaps  the  input  passage.  The  fluid  will  attach  to  this  wall. 

A  very  small  portion  of  the  stream  is  peeled  off  by  the  corner  causing  a 
vortex  to  be  formed  in  the  entrainment  passage.  This  configuration  has  a 
tendency  to  cause  a  stronger  attachment  to  the  wall  than  that  in  the  average 
fluid  amplifier.  This  accounts  for  its  good  pressure  recovery.  It 
should  also  be  noted  that  in  this  condition,  the  mutual  control  channel  is 
free  to  entrain  from  the  atmosphere.  This  channel  is  small  and  as  long 
as  there  is  flow  in  an  input  there  will  be  some  pressure  in  this  channel^ 
which  is  lower  than  atmospheric  pressure. 

If  at  this  point  a  fluid  signal  is  applied  to  the  second  inp^the 
second  stream  will  immediately  attach  to  the  inner  wall  due  to  the 
slightly  lower  pressure  in  the  mutual  control  created  by  the  first  stream. 
This  flow  will  go  out  of  the  center  as  A'B  output.  It  should  be  noted 
that  a  small  pressure  difference  can  readily  override  a  bias  created 
by  the  physical  construction  of  the  unit.  The  two  streams  upon  passing 
on  opposite  ends  of  the  mutual  control  channel  will  further  decrease  the 
pressure  here  in  addition  to  not  allowing  entrainment  from  the  atmosphere  to 
satisfy  thi6  condition.  The  mutual  control  pressure  quickly  reaches  the 
level  to  cause  a  rapid  switch  of  the  entire  first  stream  to  the  inner 
wall.  All  flow  is  from  the  center  port  or  AB  output  as  shown  in  figure 
2b. 

The  negative  pressure  that  these  streams  are  inducing  on  one  another 
through  the  mutual  control  enhances  the  attachment  of  the  stream  to  the 
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inner  wall.  As  the  streams  bend  inward  upon  leaving  the  input  channels 
they  clear  the  overlapping  corner  on  the  outer  walls.  There  should 
be  no  vortex  in  either  entrainment  channel  at  this  time.  In  the  average 
unit  the  amplitude  of  the  static  pressure  at  one  input  can  be  as  great 
as  eight  times  the  other  and  the  streams  will  still  switch  to  the  center. 

Consider  the  action  when  there  is  an  A*B  output  and  B  i6  suddenly 
switched  off.  The  A  signal  loses  its  strong  lock-on  force.  The 
attachment  point  is  forced  to  move  downstream^ which  decreases  the  bending 
of  the  stream  in  the  control  region  until  once  again  the  outer  wall 
corner  has  been  contacted.  The  stream  will  then  attach  to  the  close  or 
outer  wall.  The  event  takes  place  in  a  snap-action  fashion  and  results  in 
an  A  not  B  output. 

The  shape  of  the  output  signals  and  an  indication  of  the  switching 
time  is  shown  in  figures  3,  4,  and  5, which  are  reproductions  of  the 
outputs  of  a  two-pen  recorder. 


III.  BLEEDS 

It  should  be  noted  that  these  tests  were  made  with  a  lw  load  on 
each  of  the  three  outputs.  The  lw  indicates  an  orifice  restrictor  which 
ha6  the  same  area  as  the  input  channel.  This  load  cannot  pass  all  the 
flow  leaving  the  input  nozzle  because  of  the  expansion  of  the  gas  and  the 
entrained  flow.  Cover  bleeds  are  provided  to  allow  this  excess  gas  to 
flow  into  the  atmosphere  rather  than  flow  through  the  A  or  B  outputs. 
The  bleeds  thus  permit  a  low  frequency  impedance  match;  that  is,  any  fluid 
which  a  given  channel  is  unable  to  pass  will  be  dumped  from  the  system 
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rather  than  spilled  over  Into  the  adjacent  channel  The  cover  bleed 
location  is  shown  in  figure  6.  This  AND  unit  is  capable  of  working  into 
the  input  of  another  similar  AND  .  It  can  operate  into  the  controls  of 
a  fluid  amplifier  or  another  passive  device  by  utilizing  the  same  size 
bleed. 

Sometimes  a  bleed  may  require  a  change  in  size  for  the  unit  to  operate 
properly.  For  example,  there  is  the  condition  where  a  fluid  unit  feeds 
another  unit  with  smaller  inputs.  This  could  require  larger  bleeds 
than  normal  if  it  is  absolutely  essential  that  there  is  no  spillage  into 
adjacent  channels  in  the  feeding  unit.  The  second  case, which  seems  the 
most  practical, would  have  all  units  the  same  size  requiring  only  one 
bleed  of  the  proper  size.  The  third  case  is  when  the  bleeds  are  much 
larger  than  the  minimum  requirements.  As  a  rule,  the  pressure  recovery 
starts  dropping  somewhat  as  the  bleed  area  i6  increased.  In  many  cases 
there  is  much  more  power  output  than  is  required  for  the  next  stage  so 
that  a  large  bleed  does  not  affect  the  operation.  In  general,  bleed 
sizes  are  not  too  critical  but  care  must  be  taken  when  certain  channels 
require  zero  flow  in  the  off  position. 

IV.  CONCLUSION 

The  need  for  a  more  efficient  AND  gate  led  to  the  development  of 
this  device.  There  exists  several  devices  that  perform  this  same  function 
but  with  a  relatively  lower  gain  and  efficiency.  They  have  the  common 
disadvantage  of  turbulence  losses  and  of  occasional  spurious  signals  as 
a  result  of  the  sharp  turning  of  the  streams  after  they  interact  with  one 
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another  to  produce  the  output  signal.  There  are  no  sharp  turns  in  the 
induction  AND  but  there  is  one  disadvantage  which  should  be  noted. 

In  the  machining  of  the  model  there  are  several  critical  dimensions 
that  must  be  maintained.  The  most  critical  is  the  set-back  of  the  inner 
and  outer  walls.  A  change  of  one-thousandth  of  an  inch  there  makes  a 
noticeable  difference  in  the  operating  characteristics.  These  critical 
dimensions  were  maintained,  however,  without  difficulty  when  the  model 
was  reproduced  with  an  epoxy  material  in  a  rubber  mold.  Figure  7  shows 
two  amplifiers  feeding  into  one  of  the  molded  'AND*  units.  The  output 
switches  eight  amplifiers  in  a  fan-out  circuit. 

This  device  was  specifically  designed  to  operate  in  the  low  pressure 
region  (1  to  5  psi  ).  In  this  range  the  hydraulic  analogy  permits  the  use 
of  the  water  table  facility  to  it6  best  advantage.  This  is  a  facility 
where  large  scale  models  are  made  of  moveable  or  interchangeable  metal 
blocks.  These  blocks  are  placed  in  the  water  to  form  the  desired 
configuration.  A  change  in  configuration  can  be  made  in  a  matter  of  second 
which  is  most  useful  6ince  fluid  interaction  devices  depend  to  a  large 
extent  on  their  geometry.  Using  the  flow  of  water  instead  of  air  permits 
good  visual  observation  of  the  flow.  The  use  of  dye  to  color  the  flowing 
water  is  required  to  obtain  good  results. 

The  patterns  were  set  up  for  several  models  of  the  AND  unit.  The 
final  pattern  wa6  carefully  measured  in  the  water  table.  After  being 
scaled  down  to  the  normal  lab  size  unit  it  was  machined  in  brass  metal 


\ 

without  modification.  It  is  a  good  working  model*,  however^  the  pattern 
has  not  been  optimized. 
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ABSTRACT 


The  paper  presents  the  results  of  an  analytical  and  experimental  pro¬ 
gram  aimed  at  achieving  a  temperature  stable  fluid  oscillator  which  is 
insensitive  to  relatively  low  levels  of  accelerations.  Mechanical  en¬ 
trainment  of  the  oscillator  frequency  by  means  of  a  vibrating  member 
is  used  much  in  the  same  manner  as  the  crystal  in  a  crystal  control "'ed 
electronic  oscillator.  A  mathematical  model  of  the  vibrator  under  the 
influence  of  a  biaxial  acceleration  enviionment  is  presented.  A  mathe¬ 
matical  model  of  the  fluid  control  devices  coupled  with  the  frequency 
entrainment  element  is  compared  to  experimental  data.  An  explanation 
of  the  operation  of  the  combined  oscillator  in  its  preferred  configu¬ 
ration  is  included  with  photographs  of  the  microminiature  test  model 
used  in  obtaining  the  data. 


INTRODUCTION 


Throughout  scientific  history  men  have  been  concerned  with  measuring 
time.  From  graduated  candles,  sundials,  and  hourglasses  to  Junghans 
escrpements,  crystal-controlled  oscillators  and  atomic  clocks,  the 
technique  of  time  measurement  has  been  to  count  or  measure  some  time- 
dependent  phenomenon  that  occurs  in  a  reasonably  predictable  manner. 
Essentially  the  quest  nas  been  to  find  such  natural  phenomena  and  then 
to  control  the  disturbance  variables  such  as  temperature  and  acceler¬ 
ation  so  that  their  effect  on  the  phenomena  is  minimized. 

Unfortunately  requirements  exist  and  are  still  unsatisfied  for  a  re¬ 
latively  stable  time  base  where  it  is  impossible  to  control  tne  en¬ 
vironment.  Such  an  application  is  a  fuze  for  artillery  shells  wherein 
the  timing  device  is  subjected  to  many  thousand  'g"  acceleration  for 
a  very  short  period  and  then  experiences  accelerations  that  vary  over 
lOg  in  a  period  of  about  1  minute.  Such  timers  must  operate  equally 
well  at  -60°F  and  at  -fl400F.  The  shell  will  also  be  spinning  at  an 
unpredictable  rate  somewhere  between  15,000  and  40,000  rpm  with  the 
distinct  possibility  of  a  slight  wobble  about  the  geometric  axis  of 
symmetry. 

Throughout  this  environment,  the  need  exists  for  a  timing  accuracy  of 
0.1  percent  or  one  part  in  a  thousand. 

Since  sundials  and  atomic  clocks  are  equally  ridiculous  to  consider, 
we  start  looking  for  a  concept  that  falls  between  the  two.  Electronic 
oscillators  have  problems  in  surviving  the  initial  firing  but  the  real 
disadvantage  is  the  cost  of  such  a  fuze.  By  a  process  of  elimination, 
the  mechanical  escapement  has  been  the  concept  most  used.  With  friction¬ 
less  bearings,  a  temperature-insensitive  oil  that  will  not  oxidize,  xun, 
or  gum  up  and  a  spring  that  has  the  same  characteristics  over  a  200 
degree  temperature  range,  one  has  a  fairly  reliable  time,  but  without 
the  desired  accuracy. 

The  restrictions  on  cost  along  with  the  severe  inertial  environment 
suggest  the  use  of  fluidics.  The  temperature  environment,  however, 
introduces  some  rather  difficult  problems  to  a  pure  fluid  system.  In 
addition,  it  is  not  clear  that  a  sufficiently  well  regulated  pressure 
can  be  provided  using  pure  fluid  techniques;  likewise  it  would  be 
equally  difficult  to  mechanize  a  mechanical  pressure  regulator  to 
operate  successfully  in  the  acceleration  environment. 
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MECHANICAL  ENTRAINML..T 


From  a  standpoint  of  cost,  reliability,  and  ruggedness,  it  is  desirable  to 
utilize  pure  fluid  techniques  in  mechanizing  a  fuze  timer.  However,  temperature 
and/cr  pressure  variations  present  problems  that  can  not  be  s jived  in  a  straight¬ 
forward  manner  that  is  consistent  with  the  simplicity  of  the  basic  fluid  oscillator 
concept.  Therefore,  it  seems  that  attention  should  be  directed  to  harnessing  some 
ether  time-dependent  phenomenon  with  fluidic  techniques.  Mechanical  timers  have 
been  made  that  will  aurvive  the  severe  environments  although  they  generally  do 
not  perform  satisfactorily  with  regard  to  accuracy. 

Essentially  mechanical  timers  utilize  the  principle  of  a  spring  and  mass 
which  are  excited  with  a  periodic,  although  nonlinear,  force.  The  basic  nroblem 
in  such  a  device  becomes  one  of  eliminating  friction  in  the  spring  mass  system. 

Stated  another  way,  one  tries  to  eliminate  the  damping  in  the  system  as  far  as 
possible  so  that  a  sharp  resonance  peak  is  obtained  for  the  oscillating  system. 

In  this  way,  the  oscillator  will  quickly  assume  its  natural  frequency  after  having 
been  excited  by  a  nonlinear  force.  If  the  forcing  function  then  approximates 
an  impulse,  it, in  itself,  will  have  little  effect  on  the  overall  periodic  nature 
of  the  oscillating  spring-mass  system.  Due  to  the  resonance  phenomena  and  the 
very  low  damping,  the  impulsive  force  need  only  impart  a  very  small  amount  of 
energy  to  the  system  over  each  cycle;  in  fact,  it  need  only  impart  an  energy 
equal  to  that  lost  through  damping.  The  frequency  of  the  periodic  impulsive 
force  is,  of  course,  controlled  by  the  amplitude  (and  hence  the  frequency)  of 
the  oscillating  device. 

One  of  the  most  effective  methods  of  reducing  the  damping  in  a  mechanical 
system  is  the  elimination  of  the  bearings  and  gear  wheels  associated  with  the 
Jiangnan' s  escapement  device,  which  is  commonly  used  in  the  type  system  described. 

This  can  be  accomplished  using  fluidics  if  miniaturization  techniques  are  avail¬ 
able. 

Figure  1*  is  a  fluidic  analog  of  a  Junghan's  escapement.  A  generalized 
me^nanical  vibrator,  to  be  described  later,  forms  the  frequency  reference  just 
an  a  pallet  wheel  does  in  a  Junghan's  escapement.  The  vibrator  must  be  of  such 
a  design  that  its  resonant  frequency  is  unaffected  by  temperature,  gas  pressure, 
or  accelerations.  The  fluidic  element  is  a  monostable  device  whose  stable  con¬ 
figuration  is  shown  in  the  figure  as  the  bias  leg.  When  the  control  port  in 
the  foreground  is  covered,  the  resulting  low  pressure  will  cause  the  power  stream 
to  flow  down  the  curved  output  leg.  The  covering  and  later  uncovering  of  this 
control  port  is  accomplished  by  the  "generalized  mechanical  vibrator"  which  oscillates 
bacK  and  forth  in  front  of  the  control  port  at  its  resonant  frequency,  fr,  where  in 
general ■  _ 

h-VTli 7 

c  =  damping 

k  =  effective  spring  constant 
m  =  effective  mass. 


’Figures  appear  on  pages  195  through  203. 
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For  most  materials,  the  energy  dissipated  per  cycle  is  independent  of  fre- 
ouency  over  a  wide  range  and  is  approximately  proportional  to  the  square  of  the 
amplitude.  The  minimization  of  the  damping  energy  per  cycle  con  thus  be  ac¬ 
complished  by  minimizing  the  average  strain  per  cycle. 

From  Figure  1  the  amplitude  of  vibrator  must  be  of  the  order  of  two  contro1 
port  widths.  The  actual  configuration  of  the  vibration  is  still  to  be  selected 
and  will  affect  the  system  damping  in  that  its  configuration  will  determine  the 
average  stress  in  the  oscillating  system. 

General  forms  can  be  postulated  for  the  mec  lanical  vibrator.  A  vibrating 
wire  or  band  could  be  used  and,  if  it  were  mounted  in  a  frame  of  the  same  material 
as  the  vibrator,  would  be  temperature  and  acceleration  insensitive  -ver  moderate 
ranges.  A  membrane  could  be  used  which  would  be  acceleration  insensi tive  so  long 
as  the  acceleration  vector  were  parallel  to  the  plane  of  the  membrane.  A  wheel 
or  blade  operating  in  conjunction  with  a  torsional  spring  is  another  possibility. 

A  vibrating  band  or  wire  wo  Id  be  the  nost  desirable  device  since  it  is  the 
least  complex  of  the  several  types  of  vibrators  th°f  mi6iit  be  postulated, 
cantilever  beam  is  quite  acceleration-sensitive,  being  similar  to  a  pendulum  in 
some  respects.  Intuitively  a  vibrating  beam,  held  at  both  ends,  would  be  axially 
acceleration-insensitive.  Since  the  overall  oscillator  should  be  small,  a  limit 
of  1  inch  for  the  lengt  of  such  a  beam  may  be  imposed.  Due  to  manufacturing 
problems,  the  bean  should  be  fixed  at  both  ends  as  opposed  to  being  hinged. 

The  natural  frequency  of  such  a  clamned-clamoed  beam  is: 


where 

uj  =  natural  frequency  in  rad/sec 
n 

E  =  Young’s  modulus 
I  =  moment  of  inertia 
=  density 

£  =  length  of  beam. 

If  the  control  port  width  is  on  the  order  of  0.003  inch  then  the  amplitude 
of  the  vibration  of  the  beam  must  bo  at  leart  0.006  inch.  If  a  small  safety 
factor  is  introduced,  a  good  approximati  n  of  the  actual  vibrator  amplitude  would 
approach  0.010  inch. 

For  a  steel  wire  of  0.010  inch  diameter,  the  natural  frequency  s  uun  =  178? 
cps.  The  kinetic  energy  for  such  a  beam  is: 

KE  =  —  Yf?  u (1  +  1/P) 

KE  =  0 M?  Yq  '  in/lb 
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where 


KE  =  k’netic  energy 

Y  =  ranximun  amplitude. 

If  Yq  is  1.010  inch,  tr.e  kine*ic  energy  in  an- roximately  O.1*1*  x  10_/>  inch 
pounds,  an  approximate  value  for  t  .c  ex'  ctrd  material  Jan-in  can  to  fo^nd  from 
the  maximum  stresses  ex  ected  in  the  bear  1  .  7  .e  max  ~j~  r trer  can  be  found 

from : 

c  =  ^ 

A 

where 

m  =  stress 

M  =  the  bending  moment 

c  =  distance  from  neutral  axis  to  edge  of  cross  section. 

To  a  close  approximation,  0  £*^0,000  psi  ^cyc.ing  stress  . 

The  specific  damping  energy  is  approximately  . JO ?  in-lb/cu  in.  ner  cycle. 

The  energy  loss  per  cycle  'on  y  a  small  portion  of  ttu  material  is  undergoing  tht 
maximum  cycling  stress  is  approximately : 

Energy  loss  =  E,  =  .03?  x  10  *  in-lb/cycle. 

These  figures  are  in  sufficient  agreement  with,  experimental  results  to  warrant 
c  >nf  idence. 

The  energy  available  per  cycle  is  a  function  >f  the  exciting  gas  stream  and 
tne  drag  coefficient  of  the  beam.  Again  assuming  a  rand  wire  for  beam  the 
worst  case)  and  assuming  the  gas  tj  bo  nitrogen  coving  the  n  zzle  of  the  element 
at  sinic  velocity,  ti  e  Reyn 'Id’s  number,  Up,  s  approximately 

N  =  &  5  500 

n  u 

where 

V  =  velocity  of  gas 

d  =  diameter  of  the  stream 
p  =  density  if  the  fluid 
u  =  viscosit-  of  the  fluid. 

The  drag  coefficient  of  a  cylinder  at  th  s  Reynolds  number  is  ?  ^ : 

Drag  coefficient  =  1.0. 
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The  drag  on  the  "bean"  then  becomes 


Drag  «  D  -  CD  A  x  «  3. 1?  x  10' *  lb 

where 

A  =  area 

when  it  is  pssumed  that  the  gas  stream  impinges  on  a  length  of  the  wire  of  about 
0.012  inch.  Since  the  velocity  of  the  vibrating  beam  is  never  large  compared  to 
the  velocity  of  the  stream,  the  effects  of  relative  velocities  can  be  neglected. 

For  an  amplitude  of  vibration  of  0.012  inch,  the  energy  available  per  cycle 
it  approximately 


Energy  =  E  ^3*  IP  x  10 


-6 


in-lb/cycle. 


This  is  in  the  order  of  100  times  the  energy  lost  to  material  damping.  Thus  a 
beam,  as  postulated,  can  be  excited  by  the  gas  stream  end  that  beam  will  reach 
a  stable  limit  cycle  operation  where  the  amplitude  (but  not  the  frequency)  of 
vibration  will  be  dependent  on  the  velocity  of  the  gas  stream,  the  drag  coef¬ 
ficient,  and  the  material  damping  present.  The  amplitude  will  undoubtedly  be 
larger  than  the  required  0.010  inch. 


To  investigate  the  effect  of  temperature  on  the  device,  it  will  first  be  neces¬ 
sary  to  obtain  an  expression  for  the  fundamental  frequency  of  a  beam  with  both 
ends  fixed  and  under  tension.  A  clamped-clamped  beam  assumes  a  deflection  curve 
that  is  approximately: 

Y  =  Y0  [l  -  coo  . 

Since  the  tension  effects  will  be  small  compared  to  the  bending  effects,  it  can 
be  assumed  that  the  effect  of  welding  the  vibrator  to  the  frame  while  it  is  under 
a  small  amount  of  longitudinal  tension  will  not  alter  the  shape  of  the  deflection 
curve  but  will  alter  the  energy  expressions. 


It  has  been  demonstrated  (3)  that  the  effect  of  this  tension  on  the  natural 
frequency  of  the  Vibrator  is 


uu 


n 
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where 


T  =  tension 

li  =  mass  per  unit  length 
1  =  length  of  beam 
du^  =  natural  frequency  ’ undamred) 

E  =  Young's  modulus 
I  =  moment  of  inertia. 


If  the  vibrator  is  held  in  a  "U"  shaped  frame  made  of  the  same  material  as 
the  vibrator  itself,  any  tension  effects  due  to  temperature  will  be  as  a  result 
of  a  temnerature  gradient  existing  between  the  vibrator  and  the  frame.  This 
wil  give  rise  to  a  strair  in  the  vibrator  and  hence  an  apparent  tension.  The 
tension  cam  be  expressed  as 


T  =  EA  e  =  EA 


T~ 


where 


A  =  cross  sectional  area  of  vibrator 
€i  =  strain 

A*  =  change  in  length  of  vibrator 
=  original  length  of  vibrator. 

If  it  is  assumed  that  the  frame  holding  the  vibrator  is  very  stiff  in 
comparison  to  the  modulus  in  tension  of  the  vibrator  (the  term  "EA"  in  the 
above  equation),  then  the  entire  strain  in  the  vibrator  can  be  attributed  to 
the  thermal  expansion  of  the  frame.  Thus 

k (  (eF  -  ev) 


where 

K  =  coefficient  of  thermal  expansion 
9p  =  temperature  of  frame 

0y  =  temperature  of  vibrator. 

Therefore,  the  tension  in  the  vibrator  can  be  expressed  as: 

t  =  eak  (ef  -  ey) 


and 


ou 

n 


♦ 


lx 
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Assuming,  as  before,  that  the  vibrator  is  a  1  inch  long,  0.010  inch  diameter 
wire  and  that  the  vibrator  and  frame  are  made  of  J>6  percent  nickel  steel  (Invar), 
which  has  a  ver y  low  coefficient  of  thermal  expansion  ,0.9  x  10^'),  the  maximum 
temperature  difference  that  can  be  allowed  for  a  frequency  reference  accurate  to 
one  part  in  10 5  is: 

(0p  -  9y)  =  5*5  degrees  C  =  9*8  degrees  F. 

It  should  be  recognized  that  the  temperature  of  the  frame  and  beam  can  vary  con¬ 
siderably  and  the  device  will  still  operate  at  the  expected  frequency;  .owever, 
the  difference  between  the  frame  and  beam  must  be  kept  small. 

If  the  vibrator  is  accelerated  along  the  axis  of  the  beam,  the  maximum  poten¬ 
tial  energy,  which  is  a  function  of  the  tension  and  the  shape  of  the  deflected 
beam  would  remain  constant  since  the  tension  in  the  front  half  of  the  beam  would 
increase  (while  the  shape  would  decrease)  and  the  tension  in  the  rear  lialf  of  the 
beam  would  decrease  (while  the  shape  would  increase).  The  integral: 

2, 

y  dx 


would  remain  the  same  <  s  in  the  unaccelerated  case  and  the  kinetic  energy  expres¬ 
sion  would  not  change.  This  would,  therefore,  indicate  the  vibrating  beam  to  be 
nsensitiv**  to  acceleration  along  its  axis.  In  fact  it  can  be  siown  that  the 
effects  of  accelerations  in  the  1  to  lOg  range  are  to  be  found  in  second  order 
terms  such  that  the  shift  in  the  natural  freouency  is  less  than  one  nnrt  in  one 
thousand. 

An  important  relationship  exists  relative  to  the  phase  relation  between  the 
excitation  force  and  the  oscillating  vibrator.  The  oscillator  that  has  been 
postulated  here  is  not  a  linear  system  at  all  and  is  very  difficult  to  describe 
in  the  frequency  domain  by  the  usual  Laplace  transform  methods.  A  time  plot  cf 
the  vibrator  amplitude  is  presented  as  Figure  2.  and  T-,  reoresent  the  time 
delays  that  occur  between  the  nominal  position  of  the  vibrator  at  which  the 
element  switches  and  the  position  at  which  the  change  in  jet  force  is  felt  at 
the  vibrator  itself. 

The  vibrator  is  considered  initially  at  the  null  position  with  maximum 
velocity  and  is  being  powered  by  the  jet  stream.  At  some  omnlivude,  Xg,  the 
clement  begins  to  switch;  after  a  delay,  the  element  becomes  fully  switched;  how- 
ever,  the  trailing  edge  of  the  jet  stream  must  still  travel  along  the  feedback 
path  before  the  force  on  the  vibrator  is  removed.  The  total  time  lag  is  repre¬ 
sented  at  T^.  The  vibrator  attains  its  maximum  amplitude  and  beg  ns  to  return 
to  the  onposite  peak.  At  the  same  amplitude  level,  Xg,  the  element  begins  to 
switch.  After  sufficient  time  for  the  jet  stream  to  entrain  the  necessary  amount 
of  gas  in  the  control  passage,  the  element  switches.  Again,  however,  the  wave 
front  must  travel  the  length  of  the  feedbac.;  nath  before  the  force  of  the  jet 
stream  is  applied  to  the  vibrator.  Thi6  total  time  lag  is  represented  oy  T- . 

The  necessary  lag  can  be  provided  in  a  number  of  ways.  First,  of  course,  the 
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feedback  path  cap  be  made  sufficiently  long.  Secondly,  the  volume  of  gas  in  the 
control  port  can  be  varied  so  that  the  lag  due  to  the  entrainment  of  the  gas  can 
be  adju-ted.  Likewise,  the  "timing"  of  the  point,  Xg,  can  be  changed  by  adjust¬ 
ing  the  position  of  the  vibrator  null  position  relative  to  the  control  port 
opening. 

There  are  important  aspects  of  the  excitation  functi  n  and  its  phase  relations 
with  the  free  vibrator  that  cannot  be  overlooked.  The  linear,  slightly  damped 
vibrator  can  be  described  by  the  following  equations: 


d  x  dx  2 

—  +  2 b  dT  *  a 

dt 


x  =  0 


2 

a 


k 

M 


where 


k  =  spring  constant 
r  =  damping 
M  =  moss 

x  =  amplitude  of  vibration  along  lengtn  of  vibrator. 


The  general 


solution  of  characteristic  eauation  of 


the  vibrator  is: 


x 


-bt 

e 


A  cos  uut  +  B  sin  out) 


2 

ii)  = 


2 

a 


where 


<u 

For  small 


=  natural  freauency  of  the  damped  vibrator. 

amplitudes  of  a  mechanical  vibrator  such  as  has  been  discussed: 
k 


If  the  vibrator  is  now  considered  to  be  excited  by  some  forcing  function, 
f(t),  then: 


+ 


2 

♦  a 


x  = 


f(t)  . 
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Having  the  general  solution,  the  particular  integral  can  always  be  obtained. 

In  the  cases  considered  here,  there  will  be  a  periodicity  of  the  forcing  function, 
f(t).  The  cycle  will  have  a  period  of: 


T 


2  n 
U)  * 


Unfortunately,  if  the  vibrator  is  being  excited  by  a  fluid  stream  which  is,  at  the 
entrance  to  the  transmitting  channel,  being  turned  on  and  then  off  with  a  period 
of  Tf,  the  vibrator  will  not  necessarily  be  excited  at  its  natural  frequency. 
Instead,  in  an  incompressible  fluid,  for  example,  the  excitation  force  as  seen 
by  the  vibrator  will  be  a  square  wave  of  force  with  period  T^.,  that  is  somewhat 
out  of  phase  with  the  square  wave  at  the  tube  entrance. 


If  the  forcing  function,  f(t),  is  a  square  wave,  the  higher  modes  of  vibra¬ 
tion  of  the  vibrator  will  be  inadvertently  excited  and  will,  tnerefore,  tend  to 
throw  doubt  on  the  validity  of  the  predictions  presented  so  far.  There  is,  how¬ 
ever,  a  factor  in  considering  compressible  fluids  that  can,  if  utilized  properly, 
be  of  considerable  advantage  in  minimizing  the  degradation  of  the  first  vibrating 
mode  to  be  expected  from  the  forcing  function. 


From  a  practical  standpoint,  the  switching  of  a  pure  fluid  logic  element 
does  not  result  in  a  square  wave  flow  output  even  a^a  small  distance  from  the 
interaction  area.  In  fact,  data  presented  by  Ketov  would  »eem  to  indicate  a 
time  constant  in  the  order  of  0.3  ns  for  an  element  having  a  power  nozzle  width 
of  0.0312  inch.  Experiments  carried  out  on  smaller  logic  elements  indicate  much 
shorter  time  constants  for  the  response  of  the  elements  to  step  inputs  ir  the 
control  ports.  Collectively,  these  studies  indicate  that  the  dynamic  response 
of  a  fluid  amplifier  can  be  tailored  to  give  any  flow  profile  as  a  function  of 
time  that  is  reasonably  desired  for  exciting  a  mechanical  vibrator  such  as  that 
postulated  above. 


Care  must  be  taken  in  that  the  transmission  line  carrying  the  flow  from  the 
logic  element  to  the  vibrator  also  alters  the  shape  of  the  wave  front  as  well  as 
the  "tail."  Brown  (5)  as  well  as  others  has  devoted  considerable  effort  toward 
this  problem  so  that  it  becomes  a  predictable,  although  involved,  design  procedure. 


Techniques,  such  as  described  above,  con  be  employed  to  shape  the  quasi  square 
wave  of  period  T  ias  described  in  the  previous  equation)  until  it  very  closely 
approximates  a  sine  wave  in  a  particular  interval  such  that: 


F  =  A  sin  t 


where 


A 


A 


6) 


n 


=  0  tx  <  t  <  t2 

=  constant  t^  ^  t  ^  t. 

=  natural  frequency  of  vibrator. 
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Th.  e  would  produce  the  desired  particular  integral  associated  with  f(t)  describing 
the  steady  state  performance  of  the  vibrator. 


Figure  J  it  a  block  diagram  representation  of  the  oscillator  system.  The  NCR 
element  and  the  associated  time  lags  can  be  represented  collectively  in  the  same 
block  by  enlarging  the  hysteresis  of  the  nonlinear  element  as  in  "a."  Conversely 
the  two  time  lags  and  can  be  represented  by  separate  terms  having  the  form: 


G  (S) 


S 


G„  (S)  = 


-T  S 

2 


These  con  be  combined  into  one  transport  lag  such  that: 
G  (S)  =  e'TS 


where 


T  =  T,  +  T  . 

1  2 

The  block  diagram  can  then  be  presented  as  in  Mb"  by  representing  the  nonlinear 
NOR  gate  by  a  relay  of  negligible  hysteresis  and  including  the  time  lag  G  (S'). 
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EXPERIMENTAL  RESULTS 


Several  models  of  the  oscillator  utilizing  the  mechanical  entrainment  prin¬ 
ciple  have  been  built  and  tested.  The  first  model,  made  primarily  to  demonstrate 
the  principle  and  to  investigate  the  effects  of  damping  on  the  mechanical  vibrator, 
is  illustrated  in  Figure  *t.  This  device  utilized  a  pendulum  as  the  freauency 
reference  and  had  provisions  to  change  the  damping  i.e.,  the  friction).  One 
provision  altered  the  coulomb  friction  while  another  altered  the  viscous  damping. 
The  effect  was,  of  course,  quite  dramatic.  With  no  intentionally  induced  damping, 
a  freauency  stability  of  0.5  percent  was  observed.  Within  supp  y  oressure  ranges 
of  3  to  12  psi,  no  observable  change  in  freauency  occurred.  This  was  accomplished 
by  properly  designing  the  blade  used  to  cover  the  control  ->ort  so  tvat  an  impulsive 
force  cculd  be  realized. 

Figure  5  illustrates  a  second  mechanization  of  the  principle.  In  this  device 
a  preferred  mechanization  was  used  in  which  a  bistable  element  is  incoroorated  in 
place  of  the  NOR  element.  Rather  than  relying  on  the  entrainment  from  a  covered 
control  port  to  accomplish  switching,  a  jet  is  directed  into  each  control  port 
of  the  bistable  element.  One  jet  or  the  other  is  interrupted  by  a  Dlate  attached 
to  the  vibrator  an  shown  in  Figure  6.  This  rather  crude  model  was  observed  to 
have  a  frequency  stability  of  1  percent  over  a  prcsr'i*-e  range  of  3  to  28  psi.  This 
instability  was  shown  to  be  due  to  the  effects  of  variable  bearing  friction  as  the 
vibrator  amolitude  increased.  Above  28  ns!  the  system  degraded  rapidly  due  to 
the  excessive  amplitude  of  the  vibrator  and  the  resultant  nonlinear  effects  intro¬ 
duced.  Temperature  tests  have  shown  that  the  device  is  independent  of  gas  tempera¬ 
ture  effects  over  a  wide  range;  no  change  was  observed  over  a  120°F  range.  \  plot 

of  frequency  versus  input  ressures  is  presented  in  Figure  7.  Figure  8  shows  two 

oscilloscope  traces  of  the  oscillator  output.  Figure  8a  shows  P6  =  10  and  Pj  =  10; 

Figure  8b  shows  ?B  =  1^  and  Pj  =  10.  The  mechanization  shown  is,  of  course,  ac¬ 
celeration  sensitive  and  the  vibrator  freauency  is  temperature  sensitive  inismuch 
as  the  length  and  Young's  modulus  are  affected.  Materials  are  available,  h  wever, 
than  can  eliminate  the  temperature  nroblems. 

Figure  9  illustrates  the  miniaturization  of  the  model  oresonted  in  Figure 
The  fixture  holding  the  oscillatcr  is  used  to  investigate  the  effect  of  vibrator 
positive  relative  to  the  control  ports.  Figure  10  is  an  oscilloscope  trace  of  the 
output  of  this  oscillator.  As  the  frequency  of  the  vibrator  is  on  the  order  of 
2000  cps,  care  must  be  taken  to  dcsi^  the  control  port  conf  guration  in  conjunction 
with  the  power  leg  so  that  the  proper  phase  relations  are  obtained. 

The  time  response  of  the  complete  circuit  is  0.*j  millisecond.  The  oredominant 
effect  is  due  to  the  delays  associated  with  transportation  logs  and  not  with  the 
element  switching  rate.  In  t  is  manner,  an  impulsive  force  is  still  ren  ized  in 
spite  of  the  large  overall  response  to  a  step  input. 

CONCLUSION 

Stabilizing  the  frequency  of  an  oscillator  by  means  of  a  vibrating  mechanical 
member  has  been  used  in  various  electronic  devices  for  some  time.  The  accuracy 


depends  on  the  sharpness  of  the  resonance  pea1,  of  the  vibrator  or,  stated  another 
way,  on  the  ability  to  minimize  the  damping  in  the  vibrator.  In  nonfluidic 
systems,  where  a  very  small  amplitude  of  vibration  can  be  detected,  the  problem 
is  not  so  difficult  since  the  damping  in  the  vibrator  is  a  function  f  the  average 
strain  in  the  material. 

The  development  of  miniature,  rure-fluid  element  whicn  have  port  sizes  in 
the  order  of  thousandths  of  an  inch  has  made  it  possible  to  use  the  vibrator  prin¬ 
ciple  to  stabilize  fluid  oscillati  ns. 
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FIGURE  2.  AMPLITUDE  VERSUS  TIME  PLOT 
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FIGURE  3.  BLOCK  DIAGRAM  OF  OSCILLATOR  SYSTEM 
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FIGURE  6.  BISTABLE  MECHANIZATION 
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FIGURE  8.  OSCILLOSCOPE  TRACES  OF  OSCILLATOR  OUTPUT 
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FIGURE  10.  OSCILLOSCOPE  TRACE  OF  MINIATURIZED  OSCILLATOR 
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STEADY  FLOW  U  A  RJRE  FLUID  VALVE  TVC  SYSTEM 


D.  V.  Harvey  and  R.  P.  McRae 
Missile  &  Space  Systems  Division 
Douglas  Aircraft  Company,  Inc. 


ABSTRACT 


A  discussion  of  the  application  of  bistable  fluid- 
controlled  valves  to  thrust  vector  control  systems 
Is  presented,  considering  steady  flow  only.  It  Is 
shovn  from  pressure  considerations  that  supersonic 
flow  must  exist  in  the  valve  body.  From  the  effect 
of  injectant  total  pressure  on  side  force.  It  Is  also 
shown  that  the  losses  Involved  In  decelerating  this 
flow  before  Injection  nay  Improve  system  performance. 
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With  the  wider  cm*  of  solid  propellant  rocket*  hat  ooae  the  need 
to  otaar  than.  An  attractive  way  to  do  this  la  to  inject  a  fluid 
into  the  nosale  divergent  section.  This  partly  blocks  the  aaln 
flow,  and  gives  a  slds  opponent  of  thrust  that  can  be  used  for 
steering.  A  particularly  light  system  results  if  the  injected 
fluid  is  obtained  from  the  ooahustion  chamber.  The  principle 
problsa  in  doing  this  is  controlling  the  injectant,  which  is  hot 
sod  usually  oarries  abrasive  particles.  Ths  pure  fluid  valve, 
slnoe  it  has  no  aoving  parts,  appears  an  ideal  candidate  for  this 
purpose. 


2.  TIPI  OF  VAL71 

The  pure  fluid  devices  that  have  been  developed  for  pnecaatlc 
circuit  applications  have  a  coaaon  feature.  This  is  control  of 
a  large  flow  by  a  —all  one.  Of  these  devices,  two  appear  promising 
for  TVC  application.  These  have  been  called  the  "proportional 
amplifier”  and  the  "bistable  tie— nt." 

Ths  geo— try  is  about  ths  as—  for  both.  It  is  shown  so— what 
echo— tlcally  In  Figure  1.*  In  ths  proportional  amplifier,  an 
incr—s ntal  Inez— as  in  control  flow  causes  an  inez—ent  of  aaln 
stre—  deflection.  The  aaln  stre— ,  unless  held  ell  the  vey  to 
one  side  or  the  other,  divides  on  the  splitter  in  proportion  to 
ths  flow  of  control  fluid.  Thus  In  principle  ths  entire  aaln 
stre—  or  none  or  any  Interne dlate  fraction  can  be  channelled  to 
the  desired  outlet.  The  nusber  of  outlets  is  not  limited  to  the 
two  shown  in  Figure  1. 

Ths  bistable  element,  or  valve,  is  one  in  which  one  outlet  or  the 
other  contains  ths  entire  main  stre—.  To  be  truly  bistable  the 
aaln  stre—  flow,  whan  established  in  one  leg,  should  stay  there 
without  a  continuing  flow  of  control  fluid.  A  bistable  valve  im 
not  always  held  to  this  requirement,  often  because  the  atmosphere 
serves  as  th*  control  fluid  so  that  continuous  injection  is  no 
handicap.  It  is  also  possible  that  outside  the  atmosphere  he 
vacuum  of  space  may  provide  control,  by  suction  instead  of  lowing. 
In  this  c—s  too  the  bistable  valve  does  not  need  to  be  strictly 
bistable,  llote  too  that  if  the  two  dimensional  layout  of  Figure  1 
is  not  held  to,  a  tristable  valve  is  a  possibility. 

Both  types  of  valve  have  advantages  when  applied  to  controlling 
combustion  chamber  bleed  gases  for  thrust  vector  control.  However, 
it  has  been  found  that  in  ducting  solid  propellant  exhaust  gases 


"Figures  appear  on  pages  213  through  216. 
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the  greatest  difficulty  is  found  where  the  suspended  particles  of 
slimimai  oxide  Impinge  on  the  walls.  Since  in  the  proportional 
amplifier  the  aaln  streea  and  its  suspended  particles  Impinge  on  the 
splitter,  this  difficulty  has  been  considered  to  disqualify  it,  and 
only  the  bistable  valve  has  been  considered.  But  this  conclusion  is 
not  final,  and  ouch  of  vhat  follows  refers  with  wall  Modification 
to  the  proportional  amplifier  as  veil  as  to  the  bistable  valve. 

3.  APPLICATIONS  TO  TVC 

Consider  the  bistable  valve  then.  It  can  direct  the  gas  fleer  to  one 
or  the  other  outlet,  but  it  cannot  shut  it  off.  This  feature  sug¬ 
gests  the  two  system  configurations  shown  in  Figure  2. 

m  the  two-sided  system,  fluid  is  injected  into  the  nozzle  contin¬ 
uously,  whether  or  not  steering  is  required.  Unices  the  full  avail¬ 
able  side  force  is  needed,  the  thrust  vector  oscillates  in  a  region 
enclosing  the  desired  direction.  The  result  is  that  more  than  the 
minimum  injectant  flow  is  used.  This  excess  injectant  is  not  com¬ 
pletely  wasted,  since  in  most  casec  (depending  on  the  main  nozzle 
divergence  angle  at  injection)  the  aide  force  has  an  axial  compon¬ 
ent;  hut  neither  is  it  used  efficiently.  The  advantage  of  this 
sy*t«o  is  that  the  back  pressures  seen  by  tbs  valve  do  not  vary 
vTch  altitude.  The  back  pressures  appear  to  be  equal  but  in  real¬ 
ity  are  not  so,  since  as  flow  is  established  in  a  leg  a  shock  is 
formed  in  the  main  nozzle,  increasing  the  back  pressure.  Even  eo, 
the  back  pressure  inequality  thus  formed  is  less  than  that  which  can 
occur  In  the  one-sided  system. 

The  one-sided  systw  (Figure  2b)  eliminates  the  losses  caused  by 
constant  injection  into  the  nozzle.  When  no  control  is  needed, 
this  configuration  exhausts  the  control  fluid  axially  through  vhat 
is  essentially  a  smaller  replica  of  the  main  nozzle.  The  resulting 
thrust  per  unit  weight  flow  is  the  same,  except  for  duct  friction 
losses.  The  difficulty  with  this  systw  is  the  large  back  pressure 
difference,  especially  at  high  altitudes;  In  addition,  the  outside 
leg  back  pressure  varies  with  altitude. 

We  next  consider  in  detail  the  operation  of  each  of  these  systems, 
including  the  operation  of  the  bistable  valve. 

k.  STEADT  FLOW  U  A  BISTABLd  VALVE  TVC  SISTM 

Figure  1  shows  a  schematic  two-dimensional  bistable  valve  in  opera¬ 
tion.  The  flow  fttjovn  is  inviscid;  actually  the  "free  surface"  is 
the  center  of  a  mixing  region,  but  at  the  moment  this  is  not  con¬ 
sidered.  For  the  flow  to  remain  in  leg  n,  the  pressures  on  either 


side  of  the  free  surface  must  be  eaual.  In  addition,  if  the  stream¬ 
lines  are  curved  as  shown,  there  must  be  a  pressure  gradient  normal 
to  the  streamlines  and  to  the  free  surface  which  is  itself  a  stream¬ 
line,  with  the  pressure  higher  above  the  free  surface  than  below  it. 

Now  assime  leg  I  leads  to  an  Injection  port  in  the  main  nozzle 
located  where  the  local  undisturbed  Mach  mmber  is  M-,  and  M_>1. 

Also  neglect  the  back  pressure  In  U.  Then  this  model  represents 
both  the  two-sided  and  one-sided  systems;  if  the  latter,  the  flew 
Is  exiting  through  the  thrust  nozzle. 

Since  the  flow  through  this  valve  and  the  flew  In  the  main  nozzle 
both  originate  In  the  combustion  chamber,  they  have  the  same  total 
pressure  (neglecting  differential  friction  effects).  If  both  the 
flow  In  I  and  the  control  flow  are  small,  the  pressure  in  I  is  that 
of  the  main  nozzle,  that  corresponding  to  M_.  This  Is  the  pressure 
above  the  free  surface;  since  the  pressure  Delaw  must  be  the  same, 
we  have  the  important  result  that  at  least  part  of  the  flow  in  the 
valve,  that  below  the  free  surface,  must  be  supersonic,  at  Mach 
mmber 

The  requirement  of  supersonic  flow  next  to  the  free  surface  causes 
a  revision  of  the  valve  design.  The  result  Is  shewn  In  Figure  3. 

The  symmetry  of  Figure  3  Indicates  that  it  is  applicable  only  to  the 
two-sided  system,  since  whichever  leg  the  flow  Is  in,  the  Mach  lum¬ 
ber  at  the  free  surface  Is  M_.  It  is  clear  from  th5  discussion 
above  that  In  the  one-sided  configuration  with  flow  Into  the  nozzle, 
the  pressure  at  the  free  surface  is  the  ambient  pressure  PM  (or  the 
base  pressure,  which  is  somewhat  less).  The  resulting  two-dimensional 
configuration  resembles  Figure  4.  This  valve  is  asymmetric  so  that 
the  free  surface  Mach  mmber  Is  M_  when  the  flow  is  providing  thrust 
and  M|,  (the  Mach  number  at  which  the  main  nozzle  flow  is  fully  ex¬ 
panded  to  ambient  pressure)  when  the  flow  is  providing  side  force. 

In  all  cases  of  Interest,  M^  >  M^. 

4.2  Flow  in  Outlet  Ducts 


Flew  In  the  valve  outlets  has  been  shewn  to  be  supersonic.  It  is 
now  necessary  to  deliver  this  flow  to  the  injection  port  or  thrust 
nozzle.  In  the  two-sided  system,  outlet  duct  lengths  are  of  the 
order  of  the  main  nozzle  diameter.  In  the  one-sided  system  they  can 
be  much  shorter;  with  proper  design,  the  thrust  nozzle  can  be  Just 
an  extension  of  the  valve,  while  the  duct  to  the  injection  port  may 
perhaps  be  made  sufficiently  short  to  make  frictional  effects  negli¬ 
gible.  We  now  consider  the  problem  of  the  relatively  long  ducts 
implied  by  the  two-sided  system. 
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The  entering  flow  is  supersonic .  A  boundary  layer  immediately 
starts  to  form  where  the  flow  attaches  to  the  splitter;  on  the 
other  three  walls  a  boundary  layer  already  exists.  The  flow  is 
decelerated  and  turned  slightly  towards  the  duct  center  by  the 
boundary  layer  growth.  These  effects  cause  oblique  shocks  to 
form.  When  a  shock  extends  to  the  boundary  layer,  separation  or 
boundary  layer  thickening  occurs,  since  the  higher  downstream  pres¬ 
sure  is  felt  up  s  t  re  on  of  the  shock  through  the  subsonic  part  of  the 
boundary  layer.  This  separation  or  thickening  produces  more  shocks. 

The  result  of  this  process  is  that  the  originally  supersonic  flow 
decays  to  subsonic  in  a  distance  that  for  a  straight  tube  is  of 
the  order  of  ten  tube  diameters.  The  end  states  of  this  process 
are  related  approximately  by  the  normal  shock  eauations.  The 
difference  is  that  wall  friction  occurs  here  and  not  in  the  normal 
shock;  but  since  the  boundary  layer  is  thick  or  separated  in  the 
region  where  deceleration  occurs,  the  wall  friction  is  not  very 
important. 

In  the  configurations  considered  here  sane  duct  curvature  will  be 
necessary.  The  effect  of  this  is  to  increase  the  rate  of  boundary 
layer  growth  and  its  tendency  to  separate  in  locations  such  as  the 
inside  wall  of  a  bend.  The  net  effect  will  be  to  decrease  the 
length  of  tubing  in  which  the  transition  from  supersonic  to  sub¬ 
sonic  flow  takes  place. 

Thus  it  seems  probable  that  in  a  TVC  system  using  a  bistable  valve 
the  injectant  total  pressure  will  be  less  than  the  main  flow  total 
pressure  by  a  factor  equal  to  the  total  pressure  drop  across  a  nor¬ 
mal  shock  at  a  Mach  number  slightly  greater  than  Mjj  (for  the  two- 
sided  system)  or  (for  the  one-sided  system). 

4.3  Effects  of  Injectant  Total  Pressure  on  Side  Force 

It  turns  out,  however,  that  the  injectrnt  total  pressure  loss  may 
actually  improve  the  performance  of  the  system.  A  considerable 
body  of  experimental  data  exists  to  indicate  that,  for  sonic  injec¬ 
tion  and  a  constant  injectant  mass  flow,  the  side  force  goes  up  eta 
the  injectant  pressure  oes  down  (References  1-3  are  typical;  4 
contains  a  sumnary).  Ac  P  ./P„  approaches  one,  the  side  force 
drops  off  again.  This  is  shewn  in  Reference  5,  which  seems  to  be 
the  most  complete  work  available  in  the  range  1#  P  /P_  6  50»  In 
this  referenc  the  most  complete  data  are  for  C0„  ?njectant.  The 
results  shown  in  Figures  5  and  6  should  therefore  be  considered  to 
indicate  trends,  rather  than  as  absolute  values.  Figure  5  shows 
the  effect  on  side  force  of  injection  of  chamber  bleed  gas  for  a 
range  of  values  of  Mj..  For  Mj.>  2,  passing  the  injectant  through 
a  6hock  at  M,,  increases  the  side  force.  At 


=  3,  the  increase 
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Is  about  25^ 


These  results  are  only  strictly  true  for  small  injectant  mass  flows, 
compared  with  the  main  flow.  It  i6  found  in  Reference  5  that  as  the 
Injection  port  diameter  goes  up,  the  side  force  goes  down.  This  is 
shown  in  figure  6.  If  the  injectant  total  pressure  has  been  lowered, 
the  injection  port  diameter  mu6t  be  increased  to  pass  the  same  mass 
flow.  At  large  injectant  mass  flows  the  net  result  can  be  a  drop  in 
side  force.  As  an  example,  consider  the  case  tested  in  Reference  5> 
M_  ■  2.34.  After  a  normal  shock  at  this  Mach  mmber,  p0</pow®  l/2; 
tnus  d./d*  is  about  twice  the  value  required  if  no  shock*5 occurs . 
Neglecting  the  dependence  of  Figure  6  on  P  /P^,  Figure  7  results. 


In  view  of  the  result  that  a  naxlmm  side  specific  Impulse  is 
achieved  in  the  range  of  14r  P  ./P^  10,  it  may  be  a  waste  of  time 

to  consider  the  possibility  of  getting  better  pressure  recovery  than 
that  through  a  normal  shock  at  M-.  In  case  it  does  appear  useful 
(see  below),  better  pressure  recovery  seems  possible  by  using  the 
methods  developed  for  supersonic  air  intakes  to  ramjets  or  turbo¬ 
jets.  In  these  intakes,  a  system  of  weak  oblique  shocks  slows  the 
flow  to  low  supersonic  speed,  where  a  normal  shock  is  induced.  The 
principal  difficulty  in  using  this  method  as  a  diffuser  for  a  bi¬ 
stable  valve  outlet  is  that  in  the  supersonic  inlet  the  boundary 
layer  generally  starts  at  the  inlet  and  is  thin  throughout.  In  the 
bistable  valve  n  relatively  thick  boundary  layer  nay  exist  on  at 
least  three  sides  of  the  outlet  tube,  at  the  diffuser  inlet.  Never¬ 
theless,  this  type  of  deceleration  shews  premise  if  higher  injectant 
total  pressures  appear  useful. 


This  might  happen  if  injection  at  Mach  nunber  greater  than  one  is 
used.  It  is  conjectured  in  Reference  4  that  if  higher  than  optimum 
injectant  pressures  are  available,  tne  best  way  to  drop  the  pressure 
would  be  co  have  supersonic  rather  than  sonic  injection.  Experi¬ 
mental  data  quoted  in  (4)  does  not  seem  to  Justify  this,  however. 


5.  CONCLUSIONS 

1.  A  bistable  valve  for  use  in  a  TVC  system  must  be  designed  for 
supersonic  flow  in  the  valve  body  and  outlet  legs. 

2.  The  outlet  flow  will,  in  some  cases,  undergo  deceleration  by 
the  equivalent  of  a  normal  shock  before  injection. 

3.  The  losses  involved  in  this  process  may  act  to  increase  the 
force  per  unit  injectant  macs  flow. 
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MAIN  STREAM 
OUTLETS 


Figure  1.  Schematic  of  a  Pure  Fluid  Valve 


TWO  SIDED  SYSTEM  ONE  SIDED  SYSTEM 

(2  VALVES  REQUIRED  FOR  PITCH  A  YAW)  (4  VALVES  REQUIRED  FOR  PITCH  i  YAW) 


Figure  2.  System  Configurations  Using  a  Bistable  Valve 
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CONTROL  FLOW 


Figure  3.  Supersonic  Bistable  Valve 


CONTROL  FLOW 


LEG  II  LEAOS  TO  AN  AUXILIARY  NOZZLE  EXHAUSTING 


Figure  4.  An  Asymmetric  Bistable  Valve  for  use  in  a 
One-sideu  System 


DATA  FROM  RlflttNCt  9 


DATA  FROM  REFERENCE  9 
MN  =  2.34 

Figure  7.  Effect  on  Side  Force  of  Injection  Port  Diameter  Increase  Required  if  a  Normal  Shock 
Occurs  in  the  Injectant 
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EXPERIMENTAL  STUDY  OF  FLUID  COWTROLIZD  VALVES 


D.  W.  Harvey  and  R.  P.  McRae 
Missile  &  Space  Systems  Division 
Jouglas  Aircraft  Company,  Inc. 


ABSTRACT 


This  report  presents  the  results  of  a  cold  flov  test  program  in 
which  the  flow  in  a  supersonic  bistable  valve  was  investigated. 
Two  different  final  valve  configurations  were  developed  that 
worked  well  under  identical  conditions,  but  the  flow  in  one  was 
quite  different  from  the  other. 

Shadowgraphs  of  the  flow  are  presented  for  most  stages  as  the 
designs  evolved.  The  effects  of  variation  of  valve  design 
parameters  are  shown.  Flow  visualization  and  static  pressure 
results  are  given  for  the  two  final  valve  conf igurations . 

Some  implications  of  these  results  are  discussed,  and  future  work 
is  outlined. 
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l.o  mraoronnoN 


In  recent  years,  the  fluid  amplifier  principle  developed  at  Diamond 
Ordnance  Fuze  Laboratories  (nov  Harry  Diamond  Laboratories)  has 
been  considered  for  many  applications  (see  e.g.  References  1-U). 
This  report  considers  the  use  of  the  fluid  amplifier  as  a  fluid 
controlled  hot  gas  valve  in  a  secondary  injection  TVC  system  using 
chamber  bleed  gas. 

The  operation  of  the  fluid- controlled  valve  can  be  illustrated  by 
considering  the  simplified  valve  shorn  in  Figure  1.  •  Fluid  from  a 
high-pressure  source  flows  through  a  nozzle  throat  and  is  expanded 
to  a  pressure  lower  than  the  back  pressure  in  the  outlet  legs.  At 
a  downstream  point  where  the  main  flew  pressure  is  low  enough,  the 
main  flow  separates  from  one  wall  or  the  other.  Now,  because  of 
the  equality  of  pressure  in  the  separated  region  and  in  the  flow 
Just  above  it,  the  flow  on  the  separated  side  of  the  valve  i6 
raised  to  nearly  the  back  pressure,  while  the  flow  at  the  wall  on 
the  attached  side  has  been  expanded  to  considerably  below  this. 

The  resulting  pressure  gradient  turns  the  main  flow  towards  the 
attached  side,  where  it  is  stable. 

The  introduction  of  a  Jet  of  control  fluid  on  the  attached  side  dis¬ 
turbs  this  pressure  gradient,  separates  the  main  flow  from  the  wall 
to  which  it  was  attached  and  impels  it  towards  the  opposite  wall. 

If  the  control  Jet  mass  flow  or  momentun  is  large  enough,  the  main 
flow  will  become  attached  to  the  wall  opposite  to  the  control  Jet, 
completing  the  switching  process.  This  type  of  valve  is  called 
"bistable”.  In  it  the  flow  is  always  entirely  in  one  leg  or  the 
other,  except  for  the  very  short  periods  of  actual  switching.  If 
the  walls  are  cut  away  to  prevent  attachment,  the  main  stream  ran 
also  be  deflected  and  held  by  control  Jet  momentum  alone.  Such  a 
valve  is  called  a  proportional  amplifier.  This  paper  considers 
only  the  bistable  valve,  first  because  it  requires  less  control 
fluid,  and  second  because  in  the  proportional  amplifier  the  nose  of 
the  splitter  is  almost  constantly  Immersed  in  the  stream  of  hot. 
particle- laden  fluid. 

Pressure  considerations  indicate  that  in  TVC  applications  the  flow 
within  the  valve  must  be  supersonic  at  least  upstream  of  the 
splitter  (Reference  5).  It  also  seems  reasonable  to  hope  that 
supersonic  flow  in  the  valve  would  decrease  the  sensitivity  to  back 
pressure  found  in  subsonic  valves.  For  the  above  reasons,  only 
supersonic,  bistable  valve  elements  are  considered  in  this  report. 


"Figures  appear  on  pages  232  through  254. 
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2.0  OBJECTIVES 


The  objective  of  this  experimental  program  is  to  develop  sufficient 
knowledge  about  the  flow  in  a  bistable  valve  so  that  the  feasibility 
of  the  use  of  such  a  valve  in  a  chamber  bleed  TVC  system  can  be  eval¬ 
uated  euid  so  that,  as  far  as  possible,  design  techniques  can  be 
established. 

The  present  state  of  knowledge  in  this  area  is  such  am  to  require 
experimental  attack.  Seme  of  the  questions  that  require  experi¬ 
mental  answers  are:  What  is  the  mechanism  involved  in  switching? 

Can  a  satisfactory  p:  edict  ion  of  valve  opezatlon  be  obtained  in 
terms  of  invite  id  flow  theory?  In  connection  with  fluid  mechanical 
aspects  of  the  TVC  application,  what  are  the  effects  of  downstream 
influences,  like  varying  back  pressures  and  throats  on  the  outlet 
legs,  fluid  what  pressure  recovery  can  be  expected?  And  since  in 
operation  the  valve  must  carry  solid  propellant  exhaust  gases,  what 
particle  Impact  and  beat  transfer  rates  can  be  expected,  and  what 
will  the  resulting  erosion  dr  to  valve  operation? 

3.0  EXFERIHHfEAL  APHROACH 

In  order  to  approach  these  objectives,  it  was  first  necessary  to 
obtain  a  working  valve  on  which  to  experiment.  This  phase  is  the 
subject  of  this  report. 

The  work  done  at  Redstone  Arsenal  (Reference  l)  was  used  as  a 
starting  point.  Some  of  the  first  designs  used  i a  this  report  were 
based  on  those  of  Reference  1,  except  that  control  port  location 
vac  determined  somewhat  differently.  As  the  designs  of  Reference 
1  evolved  the  control  ports  were  moved  to  regions  of  lower  pressure, 
until  satisfactory  operation  was  attained  with  the  control  ports 
located  at  a  point  where  the  main  stream  pressure  (by  a  one- 
dimensional  calculation)  was  10  psla. 

m  the  work  reported  here  it  was  considered  declrable  (though  not 
imperative)  to  evolve  designs  that  could  be  switched  by  opening  the 
control  port  to  the  atmosphere,  instead  of  by  introducing  control 
fluid  at  come  higher  pressure.  The  control  port  was  located  at  the 
point  where  the  static  pressure  behind  a  shock  sufficient  to  turn 
the  main  flow  by  twice  the  wall  half-angle  (l.e.  parallel  to  the 
opposite  wall)  e quads  atmospheric,  again  by  a  one- dimensional  cal¬ 
culation.  The  results  of  a  typical  calculation,  this  one  for  a 
main  flow  toted  pressure  of  100  psla,  cue  shown  in  Figure  2. 

(This  method  was  not  fldvayB  followed  exactly;  in  some  cases  a 
different  location  vas  u~ed,  for  convenience  or  to  follow  Refer¬ 
ence  1.  ) 
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3.1  Test  Facility 


All  tests  to  date  have  been  conducted  at  the  Fluid  Mechanics 
Facility  of  the  Douglas  Aerophysice  Laboratory.  The  working  fluid 
was  air  drawn  from  a  125  psia  supply.  In  cases  where  the  control 
pressure  was  greater  than  ambient  pressure,  air  was  drawn  from  the 
above  supply  and  regulated  to  the  desired  pressure.  Control  fluid 
injection  "on-off”  control  was  provided  by  two  solenoid  valves.  No 
attempt  was  made  to  closely  control  the  duration  of  control  fluid 
flow  or  the  frequency  of  switching. 

A  schematic  of  the  test  setup  is  shown  in  Figure  3.  As  can  be  seen 
in  the  figure,  the  test  model  was  mounted  in  a  sound  proof,  dark 
room.  All  test  operations,  such  as  control  fluid  injection,  pres¬ 
sure  regulation,  and  data  gathering,  were  controlled  from  outside 
the  roam.  The  use  of  the  small  room  eliminated  noise  problems  and 
also  made  it  much  easier  to  take  shadowgraph  pictures  of  the  valve 
flow  fields. 

The  high  pressure  air  supply  is  pipe!  free  the  source  tanks  to  the 
Fluid  Mechanics  Facility  in  standard  4"  pipe  which  is  reduced  to 
one  inch  tubing  at  the  main  control  valve. 

Initially,  the  control  flow  system  used  0.50  irch  tubing  between 
the  upstream  supply  and  the  solenoid  control  valves  with  0.125 
inch  flexible  tubing  between  the  solenoid  valves  and  the  model. 
After  some  measurements  were  made  of  the  pressure  in  the  control 
portr  with  60  psia  control  pressure,  the  0.125  inch  tubing  was 
changed  to  0.25  Inch  tubing.  This  was  done  between  runs  63  and  64. 

The  1"  tubing  upstream  of  the  valve  was  about  32  inches  long  and 
was  fitted  with  screens  to  straighten  and  smooth  the  flow  at  the 
model  entrance.  This  apparatus  was  added  between  nans  39  and  40, 
when  it  had  become  apparent  that  flow  entering  the  valve  was 
neither  smooth  nor  unifora. 

3.2  Associated  Equipment  and  Test  Techniques 

Data  presented  herein  includes  shadowgraphs  of  flow  in  the  valve, 
wall  flow  visualization  pictures,  and  pressure  profiles. 

Shadowgraph  pictures  were  taken  with  a  4  x  5  Polaroid  camera  back, 
mounted  into  a  remote-controlled  shutter  system.  An  Avco  spark 
unit  was  used  as  a  light  source.  The  test  model  was  mounted  in  the 
darkroom  and  the  desired  test  conditions  established.  The  shutter 
was  then  opened  and  the  spark  source  triggered.  The  system  is 
shown  in  Figure  3» 
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Pictures  of  the  flcv  at  the  valve  walls  were  obtained  by  coating 
the  model  inner  walls  with  a  mixture  of  fluorescent  oil  and  vase¬ 
line.  During  air  flow,  the  mixture  assumes  the  flow  pattern  at  the 
wall.  The  model  is  illuminated  by  ultraviolet  light  and  photo¬ 
graphed  while  the  air  is  flowing.  As  was  the  case  for  the  shadow¬ 
graph  pictures,  Polaroid  film  was  used  to  give  a  quick  look  at  the 
data. 


All  pressure  measurements  are  of  static  pressure,  taken  at  the  wall 
of  the  two  best  valve  designs.  In  both  cases  a  total  of  forty 
pressure  taps  were  fed  into  a  fifty  port  Scani valve  which  changed 
the  pressure  readings  to  an  electrical  output  by  means  cf  a  single 
0-50  psia  transducer.  These  electrical  outputs  were  recorded  on  a 
Leeds -Northrup  strip  chart  recorder. 

3.3  Test  Model  Hardware 

Two  types  of  bistable  valve  designs  have  been  considered,  the  two- 
dimensional  valve  and  the  valve  with  axisymmetric  nozzle  and  two- 
dimensional  body.  The  llow  field  of  the  two-dimensional  valve  will 
yield  a  much  shorter  and  more  compact  design  for  any  given  chamber 
pressure,  because  of  the  greater  increase  in  area  per  unit  axial 
length. 

A  total  of  ten  valve  models  have  been  tested  with  some  variation  of 
basic  valve  design  parameters  in  each  model.  The  design  parameters 
were  varied  independently  in  each  model  to  determine  their  influence 
on  valve  stability  and  switching.  These  parameters  are  defined  in 
Figure  1.  They  are: 

1.  Nozzle  half  angle 

2.  Valve  body  and  splitter  half  angle 

3 .  Splitter  location 

4.  Control  port  location 

5.  Control  port  dimension  and  shape 

6 .  Setback 


In  most  cases,  the  nozzle  half  ang^ 
splitter  half  angle  were  varied  in  c 
pendently.  Nozzle  half  angles  less 
the  body  half  angle  were  considered, 
angle  and  splitter  half  angle  were  e^ 


'  e  body  half  angle,  and 
'on  rather  than  inde- 
-  1  to,  and  greater  than 

l  cases  the  body  half 


In  all  of  the  models  tested,  the  nc  zle  c  /ergent  section  was  axi- 
symmctric .  Initially  this  convergent  secti^r  was  conical,  with 
zero  radius  of  curvature  at  the  threat.  Pr  ems  which  arose 
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during  testing  of  the  first  models  seemed  to  be  caused  by  a  non- 
uniform  flov  field  at  the  model  entrance.  Therefore,  a  longer 
section  of  straight  pipe  with  screens  was  added  upstream  of  the 
model  and  the  nozzle  convergent  section  v&s  contoured  to  provide  a 
better  transition  past  the  throat.  The  throat  di  vie  ter  for  all 
models  with  two-dimensional  nozzle  divergent  sections  was  0.50  inch 
and  for  the  axisyaraetric  nozzles  was  0.60  inch.  A  half  inch  dia¬ 
meter  throat  was  tried  for  the  latter  models  but  provided  too  great 
an  expansion  ratio  to  be  used  with  the  existing  chamber  pressure. 

Two  injection  port  shapes,  slots  and  circular  holes,  of  various 
dimensions  were  tried. 

All  model  parts,  nozzles,  valve  bodies,  splitters,  and  control  fluid 
injection  systems,  were  fabricated  from  plexiglass  or  aluainum.  For 
visual  observation  of  the  flow  field,  the  two-dimensional  portion  of 
each  valve  was  sandwiched  between  two  0.50  inch  thick  sheets  of 
plexiglass. 

Sketches  of  the  valve  models  tested  are  shown  in  Figures  4  through 
13*  The  valve  numbering  system  is  defined  in  Appendix  I. 

The  test  results  are  presented  and  discussed  in  the  next  section. 

4.0  KXPBOMEKEAL  RESULTS 


Several  parameters  have  been  used  to  differentiate  between  designs 
and  to  grade  valve  operation.  For  each  run,  the  nozzle  half  angle, 
valve  body  half  angle,  setback  distance,  splitter  location,  main 
flow  total  pressure  (chamber  pressure)  and  control  pressure  are 
given  with  the  cited  figure.  Test  success  was  based  on  a  qualita¬ 
tive  assessment  of  several  factors :  stability  of  flow  in  either 
outlet  leg,  division  of  flow  between  legs,  switching  ability,  and 
reproducibility  of  results.  The  control  pressure  is  the  pressure 
at  the  control  fluid  regulator  (see  Figure  3)  and  not  the  pressure 
at  the  injection  port. 

4.1  Design  Evolution  Using  Shadowgraph 

The  first  design  tested  was  1113 .  In  this  design  (Figure  4),  the 
body  blocks  and  splitter  were  contoured  like  the  nozzle.  Several 
nozzle-body  half  angle  combimtions  (15-15°,  10-10°,  and  10-15°), 
splitter  locations,  and  setback  distances  were  tried.  A  few  par¬ 
tially  successful  ruins  were  made  with  this  design  in  which  approxi¬ 
mately  90jG  of  the  main  flow  could  be  made  to  flow  in  either  outle* 
leg  and  could  be  switched  from  leg  to  leg.  In  most  runs,  though, 
the  main  flow  either  attached  itself  to  one  of  the  outlet  leg  walls 
(almost  always  the  top  leg)  and  could  not  be  separated  or  was  about 
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equally  divided  between  the  outlet  legs.  The  test  results  were  not 
reproducible  from  one  assembly  of  the  test  model  to  another. 

During  testing  of  this  model,  it  was  noticed  that  somewhat  better 
results  were  obtained  with  the  splitter  nose  dropped  about  0.100 
inch  below  the  valve  centerline.  It  was  therefore  thought  that  at 
least  part  of  the  problems  with  this  design  were  due  to  asymmetry 
and  seme  bluntness  of  the  contoured  splitter.  Two  methods  were  used 
In  an  attempt  to  overcome  this  problem.  First,  a  new  set  of  wedge 
shaded  splitters  with  sharp  pointed  nose  and  flat  walls  were  fabri¬ 
cated  (design  1213);  second,  the  nose  of  the  contoured  splitters 
were  ground  sharp  and  the  walls  faired  back  into  the  contoured  cross 
section  (design  11B13). 

Design  1213  was  clear  1/  an  Improvement  since  switching  was  satis¬ 
factory  except  for  the  farthest  dwonstreao  splitter  location.  How¬ 
ever,  still  on  the  order  of  10^  of  the  main  flow  was  in  the  supposed 
non- flow  leg.  When  the  flow  could  not  be  switched,  it  again  favored 
the  top  leg. 

Design  11B13  war  not  a  noticeable  Improvement  over  1113 .  Again  the 
top  leg  was  favored.  In  an  effort  to  explain  this  the  nozzle  blocks 
and  control  ports  were  reversed.  Now  the  bottom  leg  was  favored. 

The  design  of  the  control  ports  on  all  valves  tested  so  far  was  such 
that  seme  asymmetry  in  assembly  could  hardly  be  avoided.  It  was  ob¬ 
served  that  separation  and  a  shock  Induced  by  It  occurred  at  the 
control  port  on  both  sides.  This  was  somewhat  unexpected,  since  the 
operation  of  a  bistable  valve  is  often  discussed  In  terms  of  the 
flow  attaching  to  one  wall.  It  was  therefore  thought  that  improv¬ 
ing  the  control  port  design  might  both  Improve  switching  perform¬ 
ance  and  decrease  the  flow  asymmetry  mentioned  above. 

Valve  design  1222  used  circular  Instead  of  slot  Injection  ports  to 
decrease  disturbance  of  the  main  flew  by  the  control  ports  and  to 
provide  a  comparison  of  the  two  types  of  ports.  Test  results  for 
valve  design  1222  were  similar  to  those  for  the  previous  models 
In  that  the  flow  attached  Itself  to  one  outlet  leg  wall  (again  the 
top)  and  could  not  be  switched. 

At  this  point  the  straight  section  described  in  Section  2.1  was 
added  upstream  of  the  valve.  This  upstream  section  was  used  in  all 
successive  runs. 

In  the  next  runs  flat- faced  body  walls  and  splitter  were  used  with 
slot  and  circular  (13C22)  ports.  In  both  cases  the  flow  chose 
upper  and  lower  legs  more  nearly  at  random,  indicating  that  the 
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straight  upstream  section  was  an  Improvement.  The  flow  could  be 
switched  but  a  high  control  pressure  was  required. 

At  this  point  a  longer  convergent  section  was  added.  The  wall  was 
smoothly  contoured  to  axial  uz  the  throat.  This  convergent  section 
was  used  in  all  successive  runs,  and  the  valves  using  it  are  numbered 
1AXXX  and  2XXX.  Several  reruns  of  previous  runs  were  made  but  no 
Improvement  was  noted. 

When  greater  care  was  taken  to  minimize  the  size  of  Joints  in  the 
walls,  the  flow  did  not  separate  as  soon  on  the  "attached"  side. 

For  this  reason  one-piece  sides  were  built.  These  valves  were 
numbered  1A4XX. 

The  first  runs  were  made  with  no  control  ports  at  all  (1A430). 
Separation  occurs  on  the  "attached"  side,  but  far  enough  downstream 
so  that  it  can  probably  be  said  to  be  caused  by  the  effect  on  the 
wall  boundary  layer  of  the  main  deflection  shock.  Flow  visualiza¬ 
tion  studies  done  later  show  that  the  separated  region  terminates 
a  short  distance  downstream.  This  lends  credibility  to  the  conjec¬ 
ture  that  it  is  caused  by  the  main  deflection  shock. 

After  these  tests,  circular  1/8  in.  diameter  control  ports  were 
drilled  into  the  walls.  This  gave  design  1\U22.  The  main  stream 
could  be  started  in  either  outlet  leg  by  prior  application  of  con¬ 
trol  flow,  but  once  started  could  not  be  switched.  When  a  partial 
blockage  was  introduced  at  the  outer  walls  of  each  outlet  port  the 
flow  could  be  switched  from  leg  to  leg.  This  blockage  was  caused 
by  plates  at  the  outlet  exits  which  protruded  into  the  stream.  The 
effect  was  apparently  to  raise  the  pressure  along  the  outlet  leg 
walls  and  increase  separation  of  the  main  stream. 

At  this  point  it  was  lecided  to  measure  the  control  pressure  at  the 
control  ports.  The  r  suits  cast  considerable  light  on  the  switching 
problem.  It  was  found  that  with  no  control  flow  the  static  pres¬ 
sure  in  the  control  port  was  5  psia.  When  control  flow  measuring 
60  pc  la  at  the  regulator  was  turned  on,  the  static  pressure  in  the 
control  port  rose  to  7  psis.  As  a  result,  the  control  system  was 
reworked  and  all  l/8  in.  tubing  was  replaced  with  l/b  inch.  All 
subsequent  tests  ured  this  reworked  control  system  and  all  previous 
models  were  retested  with  this  system.  The  test  results  vi^h  the 
flr8t  five  valve  designs  were  not  greatly  affected  by  this  in¬ 
creased  control  flow  rate,  but  it  did  cause  a  reduction  in  control 
pressure  for  design  1A422. 
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In  order  to  study  the  effect  of  control  port  shape,  the  circular 
l/8  in.  diameter  control  port  on  one  side  of  \Ak22  was  cut  out  to 
form  a  l/8  in.  wide  slot.  The  circular  port  was  left  on  the  other 
side  of  the  valve.  This  configuration  was  1A4(21)2.  When  the  con¬ 
trol  pressure  was  levered  to  25  psia  the  valve  would  only  switch 
towards  the  circular  port,  never  towards  the  6 lot. 

After  this  result,  a  similar  slot  was  cut  In  the  other  side.  This 
was  design  1AU12.  This  valve  switched  well  at  a  control  pressure 
of  25  psla,  and  the  Internal  flow  seemed  fairly  well-behaved,  with 
the  exception  of  the  shock  and  apparent  separation  on  the  attached 
side.  Figures  14  and  15. 

At  this  point  the  direction  to  take  for  further  Improvement  was  not 
evident.  It  was  decided  to  test  a  design  (2XXX)  that  was  somewhat 
different.  This  was  based  on  a  design  with  which  success  had  been 
obtained  at  AMC  (Reference  l).  Valve  design  2513  had  an  axisymmetric 
nozzle  and  a  two-dimensional  valve  body.  The  body  wall  sections 
were  contoured  by  cuttlog  a  one- half  Inch  radius  semi -circle  at  the 
inner  surface.  The  splitter  was  a  sharp  pointed,  flat  walled  wedge. 
Slot  injection  ports  of  various  widths  (one-quarte-  ,  one-eighth, 
and  one-sixteenth  inch)  were  tried.  Successful  bistable  operation 
and  switching  were  obtained  with  this  valve  design.  Best  switching 
was  obtained  with  a  control  port  width  of  cne-eighth  inch.  Here 
the  atmosphere  was  used  os  control  fluid.  Switching  was  not  possible 
with  the  smaller  width  slot  and  the  largei  width  seemed  to  cause  a 
large  flow  disturbance  even  without  control  flow. 

From  the  shadowgraphs  of  the  flow  field  of  this  valve  design  (Fig¬ 
ures  16  and  17)  it  was  seen  that  a  normal  shock  exists  across  the 
center  of  the  flow  downstreeun  of  the  nozzle  exit.  The  distance 
from  the  nozzle  exit  to  this  normal  shock  was  dependent  upon  the 
splitter  location.  To  provide  better  visual  observation  of  the 
valve  flow  field,  model  design  2612  was  built  with  flat  body  walls 
and  the  best  port  width.  Successful  bistable  operation  and  switch¬ 
ing  were  obtained  with  valve  design  2112,  although  higher  than 
ambient  pressure  control  flow  was  required.  The  flow  is  shown  in 
Figures  16  and  17 . 

h.2  Flow  Visualization 


Work  to  date  had  resulted  in  two  fairly  satis  factory  valve  designs, 
1A412  and  2612.  The  flows  inside  them,  as  shown  in  shadowgraphs, 
are  quite  different.  While  1AU12  was  evolved  by  trying  to  keep  the 
flow  attached  on  or.j  side  as  far  downstream  as  possible,  the  flew 
in  2612  seemed  by  the  shadowgraphs  to  be  separated  all  around.  This 
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made  it  seem  desirable  to  find  out  more  about  the  flow  next  to  the 
wall.  This  was  done  using  a  mixture  of  vaseline  and  fluorescein 
dye,  which  was  painted  on  the  inner  wall  of  the  valve.  The  results 
can  be  seen  in  Figures  18-21. 

Wall  flow  patterns  in  design  1AU12  can  be  seen  best  in  Figures  20 
and  21,  which  show  respectively  conditions  without  and  with  control 
flow.  These  tests  "scd  the  models  with  which  pressures  were  meas¬ 
ured.  The  taps  are  clearly  visible  and  make  it  easy  to  compare 
pressures  with  wall  flow.  It  should  be  remembered  in  looking  at 
these  figures  that  the  presence  of  the  side  walls  makes  the  flow 
truly  three-dimensional,  and  also  that  the  patterns  seen  are  not  in 
the  free  stream  but  in  the  side  wall  boundary  layer.  This  is  what 
allows  the  main  deflection  shock  to  show  up  in  Figure  20.  The  main 
deflection  shock  causes  a  local  separation  or  thickening  of  the 
side  wall  boundary  layer,  and  the  indicating  fluid  collects  there. 
(That  this  is  really  the  main  deflection  shock  is  shown  both  by  com¬ 
parison  with  shadowgraphs  and  by  pressure  measurements,  of  which 
more  later). 

Both  figures  show  clearly  the  separated  region  on  the  "attached" 
side.  By  comparison  with  the  location  of  the  main  deflection  shock, 
it  is  evident  that  this  region  is  caused  by  impingement  of  the  main 
6hock.  Both  figures  show  also  that  the  main  shock  turns  the  flow 
too  far;  its  reflection  from  the  wall  turns  the  flow  back  to  paral¬ 
lel  the  wall.  This  is  expected. 

It  is  not  known  why  the  main  deflection  shock  shows  up  only  in  Fig¬ 
ure  20,  but  it  may  be  because  it  moves  downstream  in  the  absence  of 
control  flow  and  thus  becomes  stronger,  and  so  has  more  effect  on 
the  side  wall  boundary  layer.  The  Jog  shown  Just  downstream  of  the 
valve  centerline  is  not  easily  explained.  The  horseshoe- shaped 
region  is  apparently  caused  by  the  interaction  between  the  main 
deflection  shock  and  the  shock  off  the  separated  region.  In  Figures 
lU  and  15,  shadowgraphs  for  the  same  configuration  are  shown  with 
and  without  control  flow.  With  control  flow  (Figure  15)  the  shocks 
cross  cleanly  and  there  is  probably  no  slip  surface  from  the  point 
of  crossing.  Without  control  flow  an  approximately  normal  shock 
region  seems  to  exist  where  the  main  and  separation  shocks  interact. 
Strong  vortex  sheets  extend  do'-nstream  of  the  edges  of  the  normal 
shock  region,  with  quite  different  velocities  on  either  side  (sub¬ 
sonic  behind  the  normal  shock,  supersonic  behind  the  oblique).  The 
arms  of  the  horseshoe  are  probably  the  regions  of  interaction  be¬ 
tween  the  vortex  sheet  and  the  side  wall  boundary  layer.  They  do 
not  extend  far  downstream  because  the  velocity  discontinuity  is 
quickly  broken  down  by  viscosity. 
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The  vail  flow  in  design  2612  is  not  as  enlightening,  as  the  main 
flew  is  separated  ft*am  the  side  vails.  The  flow  i6  so  strongly 
three-dimensional  that  attachment  is  not  easy  to  locate.  In  the 
critical  region  between  the  control  ports  and  the  splitter,  very 
little  light  is  shed  on  the  deflection  mechanism. 

4.3  Static  Pressure  Surveys 

Static  pressure  measurements  were  made  in  both  valve  designs.  The 
results  are  shewn  in  Figures  22-29.  The  approximate  location  of 
thi  beginning  of  the  shock  structure  is  also  shewn  in  these  figures. 

An  interesting  feature  can  be  seen  in  the  surveys  of  design  1A412 
vithout  control  flow.  Following  the  pressures  along  the  valve 
centerline,  the  fifth  tap  (reading  downstream)  reads  considerably 
lower  than  the  fourth  or  sixth.  This  result  vas  reproducible.  The 
position  of  the  shock  as  shovn  by  the  shadowgraph  would  lead  one  to 
expect  a  sharp  rise  in  pressure  at  or  near  the  fifth  tap  but  no 
shaip  drop  in  front  of  it.  However,  recall  that  in  the  corresponding 
vail  flew  (Figure  20)  there  is  a  jog  in  the  main  deflection  shock 
indication  Just  downstream  of  the  fourth  tap.  It  is  conjectured 
that  the  seme  thing  that  causes  this  Jog  also  causes  the  pressure  to 
behave  an  it  does.  It  is  not  clear  vhat  this  cause  might  be,  espec¬ 
ially  since  nothing  shows  up  on  the  shadowgraphs  in  that  region. 

The  surveys  of  design  211?  show  no  corresponding  anomaly,  but  one 
indication  may  need  some  explanation.  In  all  cases  the  tap  above 
(not  in)  the  control  port  indicates  a  pressure  approximately  equal 
to  that  in  the  control  port.  There  is  a  temptation  to  believe  thin 
means  the  flow  is  separated  that  flu*  out  from  the  control  port,  and 
that  this  in  turn  means  the  flow  is  repara  ted  upstream  almost  to 
the  throat.  This  is  probably  not  the  case.  This  tap  is  Just  down¬ 
stream  of  the  abrupt  transition  from  circular  to  rectangular  cross 
section  and,  since  it  is  not  on  the  centerline  of  the  side  where 
the  circle  is  tangent  to  the  rectangle,  It  Is  behind  a  downstream- 
facing  step.  It  is  thus  in  a  separated  region,  but  one  which  re¬ 
mains  near  the  wall  and  does  not  extend  upstream  beyond  the  cross* 
section  transition. 

5.0  CONCLUSIONS 


An  experimental  study  of  the  flow  in  a  bistable  fluid  controlled 
valve  is  outlined.  Data  including  shadowgraphs,  wall  flow  visuali¬ 
zation  pictures,  and  pressure  survey*  for  two  workable  designs  are 
presented.  Shadowgraphs  for  all  the  valve  designs  which  were 
tried  during  this  study  are  available  in  Reference  6. 

T»/o  quite  different  valve  configurations  tmve  been  developed  experi¬ 
mentally  that  work  well  under  substantially  identical  conditions. 
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This  lap  lies  the  probability  that  neither  configuration  is  near  opti 
mat,  and  so  the  conclusions  that  follow  are  only  tentative. 

It  was  found  to  be  helpful  for  the  entering  flow  to  be  smooth.  The 
amount  of  smoothness  required  was  not  found.  This  question  will  be 
Important  in  TVC  applications.  It  can  be  conjectured  that  symmetry 
of  the  entering  flow  about  the  plane  of  the  outlet  legs  Is  not  as 
Important  as  symmetry  about  the  plane  that  Intersects  the  plane  of 
the  outlet  legs  at  rlg'.t  angles  along  the  vlave  centerline. 

Slot  type  Injection  ports  were  found  to  work  better  them  circular 
ports.  Slot  widths  smaller  than  those  used  successfully  elsewhere 
(References  1  and  4)  were  found  to  work  quite  well.  The  injection 
ports  were  Initially  located  so  that  the  pressure  downstream  of  the 
main  deflection  shock  would  be  ambient  when  the  flow  as  turned 
through  an  angle  equal  to  twice  the  nozzle  half  angle.  As  can  be 
seen  by  comparing  shadowgraph  pictures  of  valve  design  1A412  with 
and  without  control  flow,  the  main  diflection  shock  moves  downstream 
when  the  control  flow  16  turned  off.  It  is  not  clear  what  this 
indicates  about  port  location. 

IVozzle  half  angle  seemed  to  aff  jet  valve  operation  only  in  that  it 
controls  the  nozzle  length  necessary  to  obtain  a  given  expansion 
ratio.  The  combination  of  nozzle  and  body  half  angles  proved  quite 
important,  with  best  results  obtained  with  body  angle  larger  than 
nozzle  angle.  This  was  true  In  the  models  which  were  fabricated  in 
severs!  parts  and  did  not  hold  for  the  model  with  one  piece  con¬ 
struction.  This  difference  in  angle  may  tend  to  cause  local  bound¬ 
ary  layer  thickening  and  thus  partially  eliminate  the  effect  of 
wall  Irregularities  due  to  the  multi-piece  construction.  De  ign 
1A512  which  had  one  piece  walls  seemed  to  bear  this  out. 

Setback  had  a  similar  effect.  It  Improved  operation  with  the  multi¬ 
piece  walls  in  the  two-dimensional  design,  but  was  clearly  not  eBsen 
tial  with  the  one-piece  walls.  The  local  separation  induced  by  set¬ 
back  probably  decreases  the  effect  of  irregularities  in  the  wall. 

For  each  valve  design  tested,  the  range  of  splitter  locations  for 
which  successful  operation  was  obtained  proved  to  be  quite  limited. 
This  was  especially  true  in  the  23QQC  designs,  where  movement  of  the 
splitter  upstream  or  downstream  greater  than  one- tenth  inch  from 
optional  caused  the  flow  to  divide  on  the  splitter  or  lock  into  one 
outlet  leg.  The  thinner,  two-dimensional  moaels  were  not  as  sensi¬ 
tive  to  splitter  location  but  proved  to  be  much  more  sensitive  to 
wall  irregularities. 
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6.0  PIAKS  FOB  FUTURE  WORK 


Many  Important  aspects  of  bistable  valve  operation  have  been  left 
out  of  consideration  In  the  vork  of  this  report.  Tentative  plans 
for  future  work  include  a  systematic  investigation  of  the  switching 
process ,  Including  the  effects  of  control  pulse  duration  and  fre¬ 
quency,  control  mass  flow  and  moment  un ,  and  port  location.  It  is 
also  planned  to  investigate  conditions  Imposed  by  the  TVC  applica¬ 
tion,  including  the  effects  of  back  pressure  asymmetry  end  variation 
with  time  and  flow  rate,  and  the  effects  of  putting  throats  in  the 
outlet  jegs.  Finally,  the  enviromental  aspects  of  TVC  usage  will 
be  studied,  by  using  the  methods  presented  in  Reference  T  to  pre¬ 
dict  erosion  by  convection  and  particle  impact.  This  erosion  vill 
be  added  to  the  valve  dimensions  and  the  resulting  configuration 
tested. 
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VALVE  HMBmNG  ST3TW 


A  valve  design  Is  defined  by  four  paraaeters.  Embers  (ocnetlaes 
followed  by  letters)  designating  these  are  c cxblned  as  follows: 

(  >i  (  >2  (  )3  (  \- 

(  :  Nozzle  configuration 

1  -  Axis yane trie  coovergert  section,  two- dlaens local 

divergent  section 

1A  -  Hew  axlsysaetrlc  convergent  section,  tvo- disen* ional 
divergent  section 

2  -  Axlsyssietrlc  nozzle,  two- dimens lonal  body 
(  )p  :  Internal  configuration 

1  -  Contoured  nozzle  divergent  section,  control  ports, 

body  walls,  and  splitter 

IB  -  Identical  to  1,  except  that  splitter  nose  Is 
ground  sharp 

2  -  Contoured  nozzle  divergent  section,  control  ports, 

and  body  walls;  flat- faced  splitter 

3  -  Contoured  nozzle  divergent  section;  flat- faced 

control  ports,  body  walls,  and  splitter 
3C  -  Contoured  nozzle  faired  to  flat  at  ports 
U  -  Flat- faced  one  piece  walls 

5  -  Contoured  body  walls;  flat- faced  splitter 

6  -  Flat- faced  walls  and  splitter 

(  :  Control  port  configuration 

1  -  Slot 

2  -  Circular 

3  -  No  ports 

(  :  Control  port  characteristic  distension  (width  of  slot  or 

diameter  of  circle) 

0  -  No  ports 

1  -  .0625  In. 

2  -  .125  In. 

3  -  .250  In. 


231 


Figure  1.  Valve  Design  Nomenclature 


Figure  2.  Method  of  Determining  Control  Port  Location 


Figure  6.  Valve  Configurations  -  Valve  Design  1A222  I  Figure  7.  Valve  Configurations  -  Valve  Design  1  A3 13 
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Figure  13.  Valve  Configurations  -  Valve  Design  2523 
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REMARKS  FLOW  IAS  STABLE  IN  EITHER  LEG  AND  COULD  BE  SWITCHED.  REMARKS  RUN  66B  SHOWS  THE  FLOW  IN  THE  0THER  OUTLE I  LEG 

Figure  14. 
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Figure  17. 
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REMARKS,  RUN  UO  WAS  A  RERUN  OF  RUN  70  WITH  A  DIFFERENT 

CAMERA  FOCUS.  THC  FlOW  IS  IN  THE  UPPER  LEG  REMARKS:  THE  FLOW  IS  IN  THE  LOWER  LEG 
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REMARKS  RUN  111  WAS  A  RERUN  OF  RUN  110  WITH  CONTROL  FLOW  ON  REMARKS  THE  MAIN  FLOW  IS  IN  THE  LOWER  LEG. 

THE  MAIN  FLOW  IS  IN  THE  UPPER  LEG 

Figure  21. 
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Figure  22.  Static  Pressure  Survey 


RUN  NO.  97  FLOW  IN  UPPER  LEG 

VALVE  OESIGN  1A412  CONTROL  FLOW  IN  LOWER  PORT 
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RUN  NO.  103  FLOW  IN  UPPER  LEG 

VALVE  OESIGN  2612  CONTROL  FLOW  OFF 

ALL  PRESSURES  ARE  PSIA 
FLOW  CONDITIONS  ARE  THE 
SAME  AS  RUN  91B 
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Figure  29.  Static  Pressure  Survey 
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ABSTRACT 


Research  performed  for  the  U.  S.  Air  Force  Aero- Propulsion 
Labora<ory  (Contract  AF33(6  1  5)-  1240)  included  an  investigation  of  fluid 
state  devices  potentially  capable  of  sensing  the  flow  instabilities  characteristic 
of  rotating  stall  in  axial-flow  jet-engine  compressors.  The  sensing  system 
investigated  consists  of  three  interrelated  components:  (1)  control  circuit, 

(2)  fluid  amplifier,  and  (3)  load.  Static  and  dynan  ic  tests  were  performed 
with  several  control  circuit  configurations  and  a  range  of  bistable  amplifier 
geometric  parameterc  defining  the  mixing  region.  The  input  signal, 
consisting  of  periodic  pressure  pulses  applied  to  a  total  pressure  probe,  is 
modified  by  the  control  circuit  transmission  characteristics  (filtering,  time 
delay,  reflections,  etc.).  This  modified  signal  is  applied  at  the  fluid  amplifier 
control  ports  to  produce  a  switching  action.  The  resulting  output,  which 
consists  of  alternating  pressure  pulses  from  the  two  receiver  ports,  could  be 
used  with  a  signal  processing  device  to  initiate  an  appropriate  compressor 
control  action.  Test  results  indicate  that  switching  is  possible  with  some 
configurations  over  the  frequency  range  of  50-  1000  cps  v  ith  input  pressure 
pulses  of  magnitude  less  than  .05  times  the  absolute  nozzle  pressure,  at 
a  nozzle  pressure  ratio  down  to  .  70,  using  a  power  nozzle  area  of  .  010  sq. 
in.  A  description  of  the  test  equipment,  a  discussion  of  the  sensor  per¬ 
formance,  and  an  evaluation  of  the  test  results  are  given  in  the  paper. 
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INTRODUCTION 


Rotating  stall  and  surge  have  been  continuing  problems  for  the 
designers  of  gas  turbines  since  the  inception  of  their  use  in  aircraft. 

For  the  compressor  designer,  a  major  problem  associated  with  rotating 
stall  has  been  how  to  limit  blade  stresses  resulting  from  blade  resonance 
with  the  passage  of  stall  zones.  From  a  performance  point  of  view,  stall 
and  surge  can  place  severe  limits  on  transient  performance  of  a  gas 
turbine.  At  present,  rotating  stall  and  surge  are  circumvented  in  axial- 
flow  jet  engines  by  means  of  pre- scheduled  contro*  programs.  Because 
of  unavoidable  variations  between  engines  of  a  given  mode),  this  approach 
may  result  in  serious  compromise  of  engine  performance.  If  some 
means  could  be  devised  for  sensing  the  inception  of  stall  or  surge  in  time 
to  allow  corrective  action  bv  the  control  system  before  the  instability  can 
cause  deterioration  in  performance,  a  gas  turbine  could  then  be  operated 
at  its  peak  performance  without  regard  to  control  scheduling.  Research 
currently  being  performed  for  the  U.  S.  Air  Force  Aero- Propulsion 
Laboratory  includes  an  investigation  of  fluid  state  devices  potentially 
capable  of  sensing  the  flow  instabilities  characteristic  of  incipient  stall 
in  axial-flow  jet-engine  compressors. 

The  flow-instability  sensor  investigated  (Figure  l)^:an  bt 
considered  to  be  made  up  of  three  basic  interconnected  components: 

(1)  control  circuit,  (2)  bistable  fluid  amplifier,  and  (3)  load.  The 
control  circuit  consists  of  one  or  two  total  pressure  probes,  signal 
modifying  elements  (filters,  delays,  junctions,  etc.),  and  connections  to 
the  two  control  ports  of  a  bistable  fluid  amplifier.  The  variable  geometry 
bistable  fluid  amplifier  (Figure  3)  utilizes  the  wall-attachment  principle. 
Provisions  are  made  for  varying  the  power  nozzle  width,  control  port 
width  and  lateral  offset,  and  the  splitter  distance.  The  sensor  load,  which 
includes  the  fluid  amplifier  receiver  channels,  could  consist  of  some  kind 
of  signal  processing  device  to  initiate  an  appropriate  compressor  control 
action.  In  the  tests  performed,  the  fluid  amplifier  outlet  tubes  were 
simply  connected  to  a  reference  tank  held  at  a  constant  pressure. 


"Figures  appear  or  pages  273  through  298 
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SENSOR  PERFORMANCE  CRITERIA 


The  flow- instability  sensor  performance  characteristics 
(i.  e.  ,  relationship  between  input  and  output)  can  be  considered  to  be  the 
combined  effect  of  the  performance  of  the  three  basic  components  which 
make  up  the  sensing  system,  namely,  control  circuit,  fluid  amplifier, 
and  load.  In  an  experimental  investigation  of  a  sensor  arrangement,  it 
is  extremely  difficult  to  separate  the  contribution  of  the  individual 
components  to  the  total  measured  performance  because  the  performance 
of  each  component  influences,  and  is  influenced  by,  the  characteristics 
of  the  other  components.  Some  of  these  functional  relationships  are 
shown  qualitatively  in  Figure  2. 

The  input  signal  pj  ,  applied  to  the  control  circuit  probe  during 
the  onset  of  unstable  flow  conditions  is  assumed  to  consist  of  fluctuations 
in  total  pressure  resulting  from  the  passage  of  stall  cells.  For  simplicity, 
it  is  assumed  that  this  probe  input  signal  can  be  represented  by  a  train 
of  periodic,  rectangular  negative  pressure  pulses  characterized  by 
period  (or  frequency),  duty  cycle  (pulse  duration  as  a  fraction  of  the 
period),  and  magnitude.  For  a  dual-probe  configuration,  the  space 
separation  between  the  two  probes  is  also  required  to  characterize  the 
input  signal. 

The  output  signal  of  the  control  circuit  configuration,  which 
is  also  the  input  signal  to  the  fluid  amplifier,  is  a  difference  signal 
across  the  fluid  amplifier  control  ports,  which  can  be  called  simply 
the  control  port  signal,  pc  .  The  control  port  signal  is  designated  a r 
that  quantity  which  is  effective  in  switching  the  fluid  amplifier;  it  may 
be  the  static  pressur  difference,  the  flow  rate  difference,  the  power 
difference,  the  flow  momentum  difference,  or  a  combination  of  these 
quantities,  depending  on  fluid  amplifier  geometry.  It  is  apparent  that 
the  performance  characteristic  of  a  control  circuit  configuration,  defined 
by  the  output/input  signal  relationship,  depends  on  the  definition  of  the 
control  port  signal,  which  in  turn  is  a  function  of  the  fluid  amplifier 
geometry.  In  the  dynamic  tests  performed,  the  static  pressures  were 
measured  at  the  two  control  ports  and  the  pressure  difference  ie 
assumed  to  reorcsent  the  control  port  signal. 

The  input  signal  applied  to  the  bistable  fluid  amplifier  is 
the  control  port  signal,  pc  .  The  power  nozzle  supply  is  operated 
on  by  the  control  port  signal  to  produce  an  amplified  output  signal. 

The  bistable  fluid  amplifier  output  signal  is  designated  as  that  quantity 
which  is  the  effective  input  to  the  load  element;  it  may  be  the  static  or 
total  pressure  difference  across  the  receiver  ports,  the  flow  rate  difference, 
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the  power  difference,  the  momentum  difference,  or  some  combination 
of  these  quantities,  depi  nding  on  the  nature  of  the  load.  In  the  dynamic 
tests  performed,  the  static  pressures  were  measured  at  the  end  of  the 
two  receiver  channels,  and  the  pressure  difference  is  assumed  to 
represent  the  fluid  amplifier  output  signal,  pr  .  The  performance 
characteristic  of  a  bistable  fluid  amplifier  configuration,  defined  by  the 
output/input  signal  relationship,  depends  on  the  definition  of  the  input 
signal,  which  is  a  function  of  the  fluid  amplifier  geometry,  and  also 
on  the  definition  of  the  output  signal,  which  depends  on  the  nature  of 
the  load. 


For  a  complete  flow-instability  sensor  configuration,  the 
requirement  for  a  definition  of  the  control  port  signal  at  the  interface 
between  the  control  circuit  and  the  fluid  amplifier  can  be  eliminated 
and  the  output/input  signal  relationship  (or  transfer  function  if  it  is 
linear)  can  be  expressed  in  terms  of  the  probe  input  signal, 

(total  pressure  fluctuation)  and  the  fluid  amplifier  output  signal,  pr 

To  evaluate  and  compare  the  performance  of  different  sensor 
configurations,  it  is  necessary  to  define  pertinent  performance  factors, 
including  power  gain,  shape  of  output  signal  vs  shape  of  input  signal, 
stability,  efficiency,  etc.  The  relative  importance  of  any  of  these 
performance  factors  depends  on  the  sensor  application.  Performance 
measures  used  in  this  investigation  include  the  input  signal  amplitude 
required  to  obtain  reliable  switching,  and  the  resulting  receiver 
pressure  amplitude  and  shape,  at  a  given  set  of  operating  conditions. 
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TEST  APPARATUS  AND  PROCEDURE 


A  schematic  of  the  dynamic  test  apparatus  is  shown  in 
Figure  4.  The  input  signal  consists  of  total  pressure  pulses  that  are 
produced  in  a  flow  modulator  by  interrupting  a  jet  of  air,  directed 
against  the  probe  opening,  with  a  flow- interrupter  disc  having  evenly 
spaced  holes.  The  magnitude  of  the  pressure  pulses  and  the  average 
pressure  level  are  adjusted  by  means  of  two  valves  controlling  the 
flow  into  and  out  of  the  flow  modulator.  Duty  cycle  is  changed  by 
using  different  discs,  each  with  a  different  ratio  of  hole  diameter  to 
hole  spacing.  The  pulse  frequency  is  continuously  adjustable  over 
the  range  0-1100  cps,  using  a  1 6-hole  disc,  by  means  of  a  variable 
speed  dc  motor. 

The  probe  pressure  signal,  pp  ,  contains  substantial 
contributions  from  reflected  signals  and,  in  general,  does  not  represent 
the  effective  sensor  input  signal,  pg  ,  in  magnitude  or  shape.  For 
calibrating  the  sensor  input  signal,  a  100-foot  long  tube,  with  the  same 
internal  diameter  as  the  probe,  was  connected  to  the  probe  to 
eliminate  downstream  reflections  as  shown  in  Figure  7(a).  The  probe 
pressure  signal,  ,  obtained  with  this  arrangement  was  assumed 

to  represent  the  effective  input  signal,  ,  for  all  sensor  arrange¬ 

ments.  The  shape  of  the  signals  obtained  at  various  frequencies  is 
shown  in  Figure  7(c).  The  source  of  the  noise  component  (approximately 
2000  cps)  that  is  present  in  all  the  signals  has  not  been  determined. 
However,  any  performance  effects  resulting  from  its  presence  should 
be  small.  It  was  observed  that  there  is  a  proportional  relationship 
between  the  input  signal  pulse  amplitude  and  the  pressure  difference 
across  the  flow  modulator  measured  at  the  locations  shown  in  Figure  7(a). 
Acc  jrdingly,  this  pressure  difference  was  measured  and  used  to  define 
Lhe  input  signal  pulse  amplitude  for  all  of  the  dynamic  tests. 

Dynamic  tests  were  performed  using  the  four  basic  control 
circuit  configurations  shown  in  Figure  5.  With  configuration  I, 
the  right  control  port  was  connected  to  an  independent  regulated 
pressure  source  using  a  very  long  connecting  tube  to  eliminate  reflected 
signals.  The  input  signal  from  the  flow  modulator  was  applied  to  the  left 
control  port  only.  This  simple  research  configuration  was  selected 
to  determine  the  effects  of  pressure  unbalance  across  the  control  ports, 
to  investigate  control  port  crosstalk  characteristics,  and  to  measure 
the  static  and  dynamic  switching  characteristics.  The  other  three 
control  circuit  configurations  (II,  IH  and  IV)  consist  of  a  sing.e  total 
pressure  sensing  probe  with  two  branches  leading  to  the  left  and 
right  control  ports  of  the  fluid  amplifier.  One  branch,  arbitrarily 
chosen  to  be  the  right  branch,  is  longer  than  the  other  branch  by  a 
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suitable  amount.  The  resulting  fixed  time  delay  in  the  right  control 
port  signal  produces  a  difference  signal  across  the  control  ports  to  switch 
the  fluid  amplifies.  Configurations  III  and  IV  have  a  filtering  volume 
in  the  right  branch  in  addition  to  the  time  delay  to  improve  the  sensor 
switching  performance  at  low  frequency.  The  table  in  Figure  5  lists  the 
geometric  parameters  (lengths  and  areas)  that  characterize  the  control 
circuit  configurations  tested. 

The  bistable  fluid  amplifier  configuration  and  the  load 
configuration  tested  are  shown  in  Figure  6.  The  values  of  the  geometric 
parameters  used  in  the  tests  are  indicated  in  the  accompanying  table. 

The  operating  conditions  of  the  flow-instability  sensor  are 
defined  by  the  power  nozzle  supply  pressure,  the  load  pressure  level, 
and  the  input  signal  properties  (frequency,  duty  cycle,  amplituc  ,  and 
average  pressure  level).  The  values  of  the  operating  parameters  used 
in  the  tests  are  listed  in  Table  I. 


Wideband  pressure  transducers  were  used  to  measure  the 
instantaneous  static  pressures  at  the  locations  shown  in  Figures  3  and  4. 
Any  two  of  the  individual  signals,  or  their  difference,  could  be  displayed 
simultaneously  on  a  dual-beam  oscilloscope.  The  following  instantaneous 
static  pressures  and  pressure  differences  were  measured. 


Probe  pressure  (generally  not  equal  to  the  input 
pressure,  ) 

Left  control  pressure 

Right  control  pressure 

Pressure  difference  across  control 
ports 


r? 

Pcu 

Pc* 

pc*.  -  r** 


Left  receiver  pressure  Pn. 

Because  it  was  determined  early  in  the  test  program  that  the  right 
receiver  pressure  was  generally  a  mirror  image  of  the  left  receiver 
pressure,  it  was  not  measured  in  most  of  the  tests  and  is  not  shown 
in  any  of  the  oscilloscope  photographs. 

Separate  static  pressure  taps  were  provided  to  measure  the 
average  static  pressures  at  the  locations  shown  in  Figures  3  and  4. 

A  sensitive  differential  pressure  gauge  was  used  with  the  pressure 
manifolding  arrangement  shown  in  Figure  4  to  enable  an  accurate 
measurement  of  th  ?  difference  between  any  pressure  connec*ed  to  the 
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left  manifold  and  any  pressure  connected  to  the  right  manifold.  Several 
other  pressure  gauges  were  also  provided  to  measure  pressures  outside 
the  range  of  the  differential  pressure  gauge.  The  following  pressure 
deferences  were  usually  measured  during  the  static  and/or  dynamic 
tests: 


Reference  pressure  level  above  atmospheric 
pressure 

P.-f* 

Power  nozzle  supply  pressure  above  reference 
pressure 

Pn-P. 

Left  control  pressure  level  above  reference 
pressure 

pcL  *  P» 

Pressure  difference  across  control  ports 

Left  receiver  pressure  level  above  reference 
pressure  (static  tests) 

Pru  -  P. 

Pressure  difference  across  receiver  channels 
(static  tests) 

Pru  *  Pru 

Mixing  region  pressure  level  above  reference 
pressure  (static  tests) 

P~-P* 

Pressure  difference  across  flow  modulator 
(proportional  to  sensor  input  signal  pulse 
amplitude  for  dynamic  tests) 

Flowmeters  of  the  float/tapered  tube  type  were  installed 
at  the  locations  shown  in  Figures  4  and  5(a).  With  the  rapidly 
fluctuating  flow  conditions  existing  during  the  dynamic  tests,  the  two 
receiver  flowmeters  do  not  indicate  the  true  average  flow  rates  and 
the  readings  were  regarded  as  only  qualitative  indications  of  the  average 
flow  rates.  The  following  average  flow  rates  (indicated)  were  measured: 

Pcwer  nozzle  mass  flow  rate 

Average  right  control  mass  flow  rate 
(Configuration  D 

Average  left  receiver  mass  flow  rate 
(indicated) 

Average  right  receiver  mass  flow  rate 
(indicated) 


mrt 
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DISCUSSION  OF  TEST  RESULTS 


The  oscilloscope  photographs  shown  in  Figures  8  to  1  7  have 
been  selected  to  illustrate  the  influence  of  the  input  signal  properties  and 
the  system  physical  parameters  on  the  performance  of  the  sensor 
configurations  tested.  The  pressure  signal  traces,  in  most  of  the 
photographs,  ;.re  in  the  following  order: 

Trace  1.  Probe  pressure,  p^  -  in  general  not  equal 

to  the  assumed  effective  input  signal,  p^ 
which  i^  shown  in  Figure  7(c). 

Trace  2.  Left  control  port  pressure,  pew  Traces 

1  and  2  were  recorded  simultaneously. 


Trace  3.  Left  control  port  pressure,  ptL  -  repeated 

to  obtain  a  common  time  reference  for  P«* 

Trace  4.  Right  control  port  pressure,  p,a  .  Traces 

3  and  4  were  recorded  simultaneously. 


Pressure  difference  across  control  ports, 

Pc*.  -  Pen. 


Left  receiver  pressure,  p^t  -  assumed  to 
represent  one-half  the  magnitude  of  the  fluid 
amplifier  output  signal,  i.  c.  ,  one-half  the 
pressure  difference  across  the  receiver  channels. 
Traces  5  and  6  were  recorded  simultaneously. 

The  input  signal  pulse  train  can  be  represented  by  a  Fourier 
cosine  series,  i.  e.  ,  the  sum  of  a  series  of  cosine  waves  of  frequencies 
*hich  are  integral  multiples  of  the  fundamental  input  frequency.  A  train 
of  rectangular  pulses  with  a  duty  cycle  of  0.  33,  which  is  approximately 
equivalent  to  the  sensor  input  signal  shown  in  Figure  7(c),  contains 
harmonic  components  at  1 ,  2,  4,  5,  7,  8  .  .  .  times  the  fundamental 
frequency.  The  third  and  sixth  harmonics  are  absent  or  of  very  small 
magnitude.  The  magnitude  of  each  harmonic  present  is  inversely 
proportional  to  the  harmonic  number,  e.g.  ,  the  magnitude  of  the  fourth 
harmonic  is  one-fourth  the  magnitude  of  the  fundamental.  However,  the 


Trace  5. 


T race  6. 


2b3 


effective  control  port  signal,  in  general,  will  not  have  the  same  amplitude 
and  phase  distribution  of  the  harmonic  frequency  components  as  the  input 
signal.  The  various  frequency  components  of  the  left  and  right  control 
port  signals  are  attenuated  and  shifted  in  phase  by  different  amounts 
depending  on  the  delay  times  and  on  their  proximity  to  the  many  resonant 
frequencies  inherent  in  any  control  circuit  geometric  arrangement.  The 
pressure  difference  signal  across  the  control  ports  contains  the  same 
frequency  components  as  the  individual  control  port  pressure  signals  but 
a  completely  different  amplitude  anc!  phase  distribution.  As  discussed 
above  under  Performance  Criteria,  the  effective  control  port  signal 
could  be  a  combination  of  the  pressure  difference  and,  say,  the 
momentum  difference.  In  that  event,  perhaps  the  control  port  signal 
could  be  represented  as  a  constant  times  the  pressure  deference  signal 
plus  a  constant  times  the  pressure  difference  signal  squared.  Another 
possible  nonlinear  effect  could  be  amplitude-dependent  rejection 
coefficients  at  the  control  port6.  These  nonlinear  effects  would  create 
dilfercnt  harmonics  at  frequencies  consisting  of  sums  and  differences 
of  the  frequencies  contained  in  the  input  pressure  signal,  e.  g.  ,  the  third 
and/or  sixth  harmonics  could  be  present  in  the  effective  control  port 
signal,  although  absent  in  the  input  signal. 

With  control  circuit  configuration  1-2,  the  shape  of  the  control 
port  pressure  difference  signal,  ptt  -  P«»  (upper  rov.  of  Figures  8  to 
14)  bears  a  general  resemblance  to  the  input  signal  pulse  train,  although 
modified  considerably  at  some  frequencies  because  of  reflections  originating 
at  the  control  port  and  at  the  junction  between  the  probe  and  left  control 
branch. 


With  control  circuit  configuration  11-2  (split  probe  with  time 
delay),  the  shape  of  both  the  left  and  right  control  port  pressure  signals, 
and  fen  ,  as  can  be  seen  in  Figure  15  and  position  (d)  of  Figures  8 
to  14,  resembles  the  shape  of  the  input  signal  pulse  train,  modified 
according  to  the  control  circuit  transmission  characteristics  (reflections 
and  control  port  crosstalk).  The  right  control  port  signal,  pcfc  ,  is 
delayed  with  respect  to  p^  by  a  fixed  amount  (0.  6  msec)  producing  a 
phase  shift  proportional  to  frequency  (180*  at  833  cps).  The  control 
port  pressure  difference  signal,  p4k  -  p**  ,  resulting  from  the  tirr. 

delay,  bears  no  resemblance  to  the  shape  of  the  input  signal  pulse  tra,  », 
but,  in  general,  approximates  a  train  of  alternating  positive  and  negative 
pulses,  with  the  duration  and  separation  interval  varying  as  a  function  of 
frequency  and  input  duty  cycle. 
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With  the  two  split  probe  control  circuits  incorporating  a  filter 
and  time  delay  (configurations  III  and  IV),  *he  right  control  port  signal 
is  considerably  different  from  the  left  control  port  signal,  as  can  be 
seen  in  positions  (e)  and  (f)  of  Figures  8  to  14.  The  different  frequency 
components  of  the  input  signal  are  attenuated  and  shifted  in  phase  by 
various  amounts  to  produce  a  complex  control  port  difference  signal 
The  larger  magnitude  of  the  control  port  pressure  difference  signal  at 
50  cps  illustrates  the  improvement  of  the  low  frequency  performance 
produced  by  the  filters  (compare  Figures  8(e)  and  8(f)  with  8(d)).  At 
500  cps  where  the  wavelength  is  four  times  the  length  of  the  filter 
elements  in  both  configurations  IH-2  and  IV- 1,  the  power  transmission 
to  the  right  control  port  is  at  a  minimum  and  the  right  control  port 
signal  is  attenuated  considerably  (see  Figures  12(e)  and  12(f)).  At 
1000  and  2000  cps,  where  the  wave  lengths  are  approximately  two  and  one 
times  the  filter  length,  the  filter  elements  permit  100%  power  trans¬ 
mission  of  the  fundamental  and  second  harmonic  signal  components  to 
the  right  control  port,  and  the  performance  of  the  three  split  probe 
control  circuits  is  nearly  identical  (see  Figure  12(d)  (e)  (0)-  There  is 
a  slight  different  in  the  performance  of  configuration  IV-  1,  indicated  by 
the  different  probe  pressure  trace  in  Figure  12(f),  owing  to  the  fact 
that,  with  this  configuration,  the  sum  of  the  two  control  port  branch 
lengths  is  different  from  that  with  the  other  comigurations ,  whereas  the 
branch  length  difference  is  the  same. 

With  the  split  probe/time  delay  control  circuit  configuration 
II- 2 ,  it  appears  that  harmonic  frequency  components  of  the  left  and  right 
control  port  signals  and  the  difference  control  port  signal  in  the  vicinity 
of  100,  310,  and  550  cps  are  augmented  to  some  degree.  The  augmenta¬ 
tion  of  the  fundamental  frequency  components  at  100,  310  and  550  cps 
may  be  seen  in  Figures  15(b),  15(i)  and  15(1)  respectively  and  the 
pronounced  second  harmonic  components  at  50  and  275  cps  may  be  noted 
in  Figures  15(a)  and  15(p,).  This  1-3-5  relationship  between  the  resonance 
frequencies  bears  a  resemblance  to  the  resonance  characteristics  of  a 
closed  organ  pipe.  However,  even  with  this  relatively  simple  control 
circuit  configuration,  the  manner  in  which  the  three  basic  lengths 
contribute  towards  any  resonance  condition  is  very  complex.  Listed 
below  are  the  frequencies  at  which  the  various  length  combinations  make 
their  largest  contribution  towards  resonance  at  room  temperature. 
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Characteristic  Dimension 

.  (2n*l)c 

-  cf*  . . 

if  =  7.  4" 

452,  1355,  2260,  .  .  . 

iu  =  18.  1" 

185,  555,  925,  .  .  . 

l*  =  26.  1” 

128,  384,  640,  895,  .  .  . 

=  25.5" 

13  1,  393,  655,  917,  ... 

=  33.5" 

100,  300,  500,  700,  900,  1100,  ... 

£*  =  44.2" 

76,  228,  380,  532,  684,  .  .  . 

lr+lu+U  =  51.6" 

65,  195,  325,  455,  585,  .  .  . 

if*  =  29.5" 

1  14,  342,  570,  800,  1025,  .  . . 

The  relative  contribution  of  each  of  the  above  characteristic  dimensions  to 
any  resonance  condition  depends  on  the  branch  cross-section  areas  and 
the  reflection  and  crosstalk  coefficients  at  the  control  ports. 


The  reflection  and  crosstalk  coefficients  may  be  defined  as 
the  ratios  of  the  magnitudes  of  the  signal  reflected  at  the  control  port, 
and  the  signal  transmitted  to  the  opposite  control  port,  respectively,  to 
the  magnitude  of  the  incident  signal.  It  is  possible  to  estimate  the 
magnitudes  of  the  control  port  reflection  and  crosstalk  coefficients  from 
the  data  obtained  with  control  circuit  configuration  1-2  (see  the  upper  row 
of  Figures  8  to  14).  However,  because  the  probe  area  is  different  from 
the  left  control  branch  area,  reflections  at  the  junction  complicate  the 
shape  of  the  incident  signal  traveling  towards  the  leu  control  port.  As  a 
result,  it  is  difficult  to  obtain  accurate  reflection  and  crosstalk  coefficients 
from  these  particular  data.  The  task  would  be  simplified  immensely  by 
using  a  probe  of  the  same  cross-sectional  area  as  the  left  control  branch. 
As  a  rough  estimate,  both  the  reflection  and  crosstalk  coefficients  are 
in  the  range  0  to  +0.  3,  varying  with  frequency,  overall  pressure  ratio, 
t*/K  ,  and  probably  also  with  the  average  control  pressure  level, 
Comparing  the  probe  pressure  traces  in  Figure  7(d), 
obtained  with  the  test  arrangement  shown  in  Figure  7(b),  with  the  probe 
pressure  traces  obtained  with  control  circuit  configuration  1-2  shown  in 
the  upper  row  of  Figures  8  to  14,  it  is  seen  that  they  are  not  greatly 
different  at  any  frequency.  This  is  an  indication  that  the  control  port 
reflection  coefficient  is  small. 
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When  a  periodic  ir.put  signal  is  applied,  the  output  signal  of  an 
ideal  bistable  amplifier  would  be  a  train  of  periodic,  rectangular  pulses 
characterized  by  period  (or  frequency),  duty  cycle,  and  magnitude. 
However,  because  the  output  signal  of  an  actual  bistable  fluid  amplifier 
is  usually  not  a  perfect  train  of  rectangular  pulses,  it  can  be  represented, 
more  generally,  in  terms  of  the  magnitudes  and  phases  of  the  frequency 
components.  This  latter  representation  also  includes  a  rectangular 
pulse  train,  which  can  be  expressed  as  a  Fourier  cosine  series. 

In  Figures  15(c)  (d)  (P  (h)  (j)  (n),  it  is  seen  that  if  any 
frequency  component  of  the  control  port  signal  is  in  the  range  850  -  900 
cps,  there  is  always  some  degree  of  output  response  at  that  component 
frequency  superimposed  on  the  response  to  the  fundamental  signal 
frequency.  The  following  relationship  exists  between  the  fundamental 
irout  frequency  and  the  resonant  frequency  of  the  harmonic  component  of 
the  left  receiver  pressure  signal,  pri>  : 


Fundamental  Input 
Frequency,  cps 


Resonant  Frequency  ~>f 
Output  Harmonic,  cps 


145 

870 

feth  harmonic 

170 

850 

5th  harmonic  (intermittent) 

220 

880 

4th  harmonic 

285 

860 

3rd  harmonic  (more 
pronounced  in  Fig.  11(0) 

445 

890 

2nd  harmonic 

8  70 

870 

fundamental 

This  indicates  that  there  is  a  fluid  amplifier  resonant  frequency  in  the 
range  850-900  cps.  The  output  harmonic  obtained  at  some  other 
frequencies,  e.g.  ,  the  2nd  harmonic  at  50  cps  and  275  cps  (Figures  15(a) 
and  15(g)),  are  considered  to  represent  the  normal  response  to  the 
augmented  2nd  harmonic  in  the  control  signal  and  are  not  thought  to  be 
associated  with  a  fluid  amplifier  resonance  condition.  The  fluid 
amplifier  resonance  is  believed  to  be  caused  by  the  influence  of  the  load 
on  switching  referred  to  in  Figure  2  as  output  impedance  feedback.  It  is 
determined  by  the  load  geometric  parameters  such  as  receiver  channel 
dimensions,  load  connecting  tube  dimensions,  and  load  impedance. 
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With  the  two  different  seta  of  load  geometric  parameters  tested,  it  was 
observed  that  fluid  amplifier  resonance  occurs  at  approximately  70-80% 
of  the  computed  frequency  at  which  the  input  impedance  of  the  receiver 
channels  (at  the  splitter)  is  a  minimum.  A  possible  explanation  for  this 
may  be  that  the  crossflow  between  the  receivers  resulting  from  load 
reflections  would  have  the  maximum  influence  on  switching  when  the 
power  jet  is  in  an  intermediate  position  (partially  switched). 

Another  type  of  fluid  amplifier  feedback  effect  is  that  caused  by 
the  influence  of  switching  on  the  control  port  signal.  As  seen  in  Figure  2, 
this  effect  differs  from  the  output  impedance  feedback  effect,  which  does 
not  influence  the  control  port  signal  (except  indirectly  as  a  result  of 
switching).  Because  the  fluid  amplifier  is  an  active  element  (i.  e. , 
connected  to  an  independent  power  supply),  it  can  generate  an  input 
signal  to  the  control  circuit  as  a  result  of  switching.  This  input  signal 
is  modified  by  the  control  circuit  (reflections,  time  delays,  etc.)  and  the 
resulting  control  port  signal  is  a  modified  input  signal  to  the  fluid 
amplifier.  Because  this  modified  fluid  amplifier  input  signal  is  created 
by  the  fluid  amplifier  output  signal  (i.  e.  ,  switching),  this  effect  can  be 
referred  to  as  switching  feedback.  As  a  result,  the  control  port  signal 
and  the  resulting  fluid  amplifier  response  are  augmented  at  some 
frequencies  (regenerative  or  positive  feedback)  and  are  diminished  at 
other  frequencies  (degenerative  or  negative  feedback).  Xf  the  positive 
feedback  is  of  sufficient  magnitude  at  any  one  of  the  control  circuit 
resonant  frequencies,  a  self-sustaining  oscillation  is  possible.  With 
the  fluid  amplifier  geometric  configuration  selected  for  most  of  the 
dynamic  tests,  the  tendency  towards  oscillation  is  small  because  the 
switching  has  a  minimal  effect  on  the  control  port  signal  (Figures  8-16). 
However,  the  geometric  configuration  with  a  larger  lateral  offset 
distance  shows  a  marked  tendency  towards  oscillation  (Figure  17).  The 
low  frequency  oscillation  at  approximately  100  cps  is  not  self-sustaining, 
but  is  reinforced  periodically  by  the  input  signal  when  the  input  signal  is 
nearly  an  odd  multiple  of  the  oscillation  frequency. 

The  third  and  sixth  harmonics  are  presumed  to  be  absent,  o** 
of  very  small  magnitude,  in  the  input  signal.  However,  there  are 
substantial  third  and  sixth  harmonics  in  the  output  signal  shown  in 
Figures  11(f)  and  15(c),  respectively,  with  no  evidence  of  these  harmonics 
in  the  control  port  pressure  difference  signal.  This  is  some  indication 
that  the  effective  control  port  signal  may  be  some  nonlinear  function  of 
the  pressure  difference  signal,  as  discussed  earlier. 

In  a  qualitative  interpretation  of  the  test  data,  it  may  be 
concluded  that  the  output  response  of  the  sensor  to  any  of  the  input 
signal  frequency  components  depends  on  the  amplitude  and  phase  of  the 
component  in  the  effective  control  port  signal  and  the  proximity  of  the 
component  frequency  to  the  fluid  amplifier  resonant  frequency.  The 
maximum  amplitude  of  the  response  is  limited  by  the  saturation 
characteristics  of  the  fluid  amplifier. 
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The  response  of  the  different  sensor  configurations  to  an  input 
signal  approximating  a  series  of  alternating  positive  and  negative  steps 
is  shown  in  Figure  16.  It  should  be  noted,  however,  that  the  rise  time  of 
the  steps  (approximately  2-3  milliseconds  at  10  cps)  is  long  compared  to 
the  fluid  amplifier  response  time  (less  than  one  millisecond)  and 
compared  to  some  of  the  faster  control  circuit  transients.  This  is  an 
inherent  limitation  of  the  test  apparatus  used  and  is  determined  by  the 
rrtio  of  the  sensing  probe  diameter  to  the  width  of  the  disc  holes.  A 
disc  with  two  blades  (the  minimum  possible  for  dynamic  balance)  was 
installed  in  the  flow  modulator.  The  low  value  of  the  input  pulse  frequency 
(10  cps)  was  selected  to  allow  the  transient  pressure  fluctuations  in  the 
control  circuit  to  decay  between  pulses.  Despite  the  uncertainty  about 
the  validity  of  the  input  signal,  the  data  obtained  illustrate,  qualitatively, 
the  effects  of  multiple  reflections,  from  various  locations,  on  the  control 
circuit  dynamic  response. 

In  the  quantitative  switching  performance  data  shown  in 
Figures  18  to  25,  the  performance  measure  used  is  the  input  signal 
pulse  amplitude  required  to  obtain  reliable  switching.  The  figures  show 
some  of  the  effects  of  the  operating  conditions  on  the  switching  performance 
of  the  sensor  with  different  control  circuit  configurations. 

The  sensor  switching  performance,  as  a  function  of  frequency, 
with  the  four  different  control  circuit  configurations  is  compared  in 
Figure  18  for  a  specific  set  of  operating  conditions  (nozzle  supply 
pressure,  fa  =  25  psia;  load  pressure  ratio,  =  .  7;  average 

control  pressure  ratio,  =  .  7;  duty  cycle,  d  =  .33).  For  these 

operating  conditions,  the  typical  input  signal  amplitude  required  for 
swit  hing,  Ifil  ■  *•  generally  in  the  range  of  .  02  to  .  04,  over  the 
frequency  range  of  50  to  1000  cps.  Larger  values  are  required  with 
configuration  U-2  at  low  frequency  and  with  configuration  IV- 1  at  670 
and  1000  cps. 

Although  the  definition  of  "good  switching"  is  somewhat 
subjective,  the  relatively  small  partial  switching  range,  shown  in 
Figure  19,  indicates  that  any  errors  in  the  switching  performance  data 
are  quite  small. 

The  effect  of  the  average  input  pressure  ratio,  , 

(approximately  equal  to  the  average  control  pressure  ratio,  ^  )  on  the 

switching  performance  of  configuration  II- 2  may  be  seen  in  Figures  20 
and  21.  In  Figure  21,  it  is  seen  that  the  required  input  signal  amplitude 
generally  has  a  pronounced  minimum  in  the  range  pj  =  .  8  to  .  9.  At 
this  optimum  pressure  ratio,  switching  is  obtained  over  most  of  the 
frequency  range  50-1000  cps  with  an  input  signal  pulse  amplitude  of 
.025  pn  .  With  an  input  signal  amplitude  of  .  04  ,  switching  is 

obtained  over  most  of  the  frequency  range  50-1000  cps  for  a  wide 
range  of  average  control  pressure  ratios  extending  from  .  6  to  nearly 
unity. 
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The  effect  of  the  load  pressure  ratio,  p£  ,  on  the  switching 
performance  is  shown  in  Figure  22.  It  appears  that  the  input  signal 
amplitude  required  for  switching  is  roughly  proportional  to  (1-  ).  The 

decreased  input  signal  amplitude  required  as  the  load  pressure  ratio,  fi 
approaches  unity  does  not  necessarily  result  in  increased  gain  of  the 
sensor,  because,  as  seen  in  the  upper  row  of  Figures  8  to  14,  the 
magnitude  of  the  sensor  output  signal  also  decreases  in  approximately 
the  same  proportion  as  p£  approaches  unity. 

The  sensitivity  of  the  sensor  to  pressure  unbalance  across 
the  fluid  amplifier  control  ports  is  illustrated  in  Figure  23.  It  is  seen 
that  the  optimum  average  pressure  difference  across  the  control  ports 
is  not  zero  but  some  positive  quantity  increasing  with  the  minimum  value 
of  the  input  signal  amplitude.  This  would  be  predicted  when  an  input 
signal  pulse  train  of  duty  cycle  less  than  0.  5  is  applied  to  one  control 
port  only,  as  was  the  case  in  the  tests  with  configuration  1-2.  Also,  as 
expected,  the  input  signal  amplitude  required  for  switching  increases, 
with  a  positive  or  negative  change  in  the  control  port  pressure  difference, 
by  an  amount  that  is  greater  than  the  incremental  change  in  the  control 
port  pressure  unbalance. 

Some  switching  performance  data  at  different  power  nozzle 
supply  pressures  (25,  50  and  75  psia)  are  shown  in  Figure  24.  These 
data  provide  an  indication  that  the  performance  of  the  sensor  is  nearly 
identical  at  all  pressures  in  the  range  25  to  75  psia  if  all  pressure 
parameters  are  nondimensionalized  ratios  of  the  power  nozzle  supply 
pressure.  The  same  would  be  expected  to  be  true  if  all  pressures  and 
pressure  differences  were  nondimensionalized  in  terms  of  the  dynamic 
pressure  of  the  power  jet  or  any  other  suitable  reference  pressure. 

Slight  differences  in  the  sensor  performance  could  be  expected  over  the 
supply  pressure  range  25  to  75  psia  because  of  the  3  to  1  variation  in 
flow  Reynolds  number,  in  direct  proportion  to  the  absolute  pressure. 

Some  qualitative  effects  of  fluid  amplifier  geometry  on  the 
sensor  switching  performance  and  stability  are  shown  in  Figure  25.  It 
was  observed  that  the  configurations  with  a  control  port  lateral  offset 
from  the  centerline  greater  than  one-half  the  power  nozzle  width  had  a 
pronounced  tendency  towards  self-sustained  oscillations.  This 
instability  is  believed  to  be  caused  by  the  generation  of  an  effective  control 
signal  by  the  fluid  amplifier  switching  action,  referred  to  previously  as 
the  switching  feedback  effect.  At  this  point  in  the  experimental  program, 
special  emphasis  was  placed  on  reducing  the  number  of  fluid  amplifier 
configurations  by  selecting,  for  further  tests,  only  those  few  arrange¬ 
ments  which  appeared  to  provide  suitable  performance.  The  many 
geometric  combinations  investigated  for  static  switching  performance 
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were  reduced  to  a  single  configuration  which  exhibited  switching 
capability  and  stability  across  the  complete  frequency  band.  Any 
tendency  towards  oscillation  was  arbitrarily  judged  to  be  unsatisfactory 
and  the  control  port  lateral  offset.  I»  =  0.  5,  was  selected  on  this 
basis.  The  control  port  width,  =1,  was  selected  in  preference  to 

a  smaller  value  because  it  was  believed  to  provide  a  better  terminal 
impedance  match  for  the  control  port  inlet  passages.  The  splitter 
distance,  L*  =  6.  5,  was  selected  in  preference  to  higher  values 
because  it  exhibited  less  hysteresis  and  better  pressure  recovery  during 
the  static  switching  tests.  The  wall  angle,  •  ,  was  increased  from 

10*  to  12*  to  improve  the  bistability  or  the  division  of  flow  between  the 
receiver  channels.  Although  this  configuration  is  not  necessarily 
optimal,  it  provided  a  suitable  arrangement  to  investigate  the  several 
control  circuit  configurations  and  the  many  combinations  of  operating 
conditions  of  interest. 

Some  of  the  static  switching  characteristics  of  the  fluid 
amplifier  configuration  selected  are  shown  in  Figure  26.  It  is  seen  that 
the  hysteresis,  or  the  increment  in  the  control  pressure  difference 
required  to  complete  the  switching  action,  is  small  (of  the  order  of 
.  004  fn  ).  The  discontinuity  in  the  control  port  flow/ pressure 
characteristic  curve  resulting  irom  switching  is  small.  This  is  believed 
tn  be  the  characteristic  responsible  for  the  absence  of  any  switching 
fredback  effect.  The  pressure  recoveries  in  the  active  and  inactive 
receiver  channels  are  approximately  50%  and  25%  of  the  power  jet  dynamic 
pressure,  resulting  in  a  pressure  difference  across  the  receiver  channels 
of  approximately  25%  of  the  power  jet  dynamic  pressure.  The  static 
pressure  gain,  defined  as  the  change  in  the  receiver  pressure 
difference  divided  by  the  change  in  the  control  port  pressure  difference 
required  for  switching,  is  of  the  order  of  50.  All  of  these  data  are  for 
an  overall  pressure  ratio,  f'  =  .  7. 

The  results  obtained  with  the  sensor  configurations  tested 
indicate  that  good  switching  performance  is  possible  with  input  pressure 
pulses  of  magnitude  less  than  .05  F*  over  a  fairly  wide  range  of  operating 
conditions  (  p*  =  25  to  75  psia;  K/p*  =  .  7  to  .  9;  fc/f*  =  .  6  to  .  95; 

■f  =  50  to  1000  cps).  All  tests  to  date  were  performed  at  room 
temperature.  A  series  of  tests  is  planned  at  high  temperatures  (up  to 
1280*  R  )  simulating  the  environmental  conditions  in  a  jet  engine 
compressor. 
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Table  I  Sensor  Operating  Conditions 


Operating  Parameter 

Symbol 

Values  Tested 

Values  for 

Scope  Photographs 

fiivm 

lExH 

mm 

Power  nozzle  supply 
pressure 

Pn 

25,  50,  75  psia 
*  1.0* 

25  psia 

20  psia 

Load  pressure  level 

P'o 

.7,  .8,  .9 

Noted 

.72 

A  /erage  control  pres* 
sure  (approx,  equal  to 
average  input  pressure 
level) 

P7^ 

.6,  .7,  .8,  .9, 

.95,  1.0 

Noted 

.76 

Average  pressure 

difference  across  con¬ 
trol  ports  (Configura¬ 
tion  I) 

piw-p;* 

-.  01  to  .  03 

0 

0 

Input  signal  pulse 
amplitude 

ip,ii 

0  to  .  10 

.05 

.025 

Input  signal  duty  cycle 

d 

.33,  .55 

.33 

.  55 

Input  signal  frequency 

f 

0  and  50-1100  cps 

>0-1100 

50-1000 

Temperature 

Room  Temperature 

*  Note:  Pressures  are  nondimensionalized  in  terms  of  power  nozzle  supply 
pressure. 
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Figure  I  FLOW- INSTABILITY  SENSOR 


row«  pozzle 
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Figure  2  FLOW- INSTABILITY  SENSOR  FUNCTIONAL  SCHEMATIC 
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(I)  STATIC  PRESSURE  TAP  <.«•*  DIA.) 
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Fifw*  3  VARIABLE  GEOMETRY  BISTABLE  FLUID  AMPLIFIER 


Figure  *  TEST  APPARATUS  SCHEMATIC 


GEOMETRIC  PARAMETER 


STMROL 


VALUES  TESTEO 


VALUES  FOR  TEST 
OATA  PRESENTED 


(b)  ARRANGEMENT  FOR  PHOTO  (d) 


f  =  50  cps 
f  =  100  cps 

f  =  200  cp« 
f  =  500  cps 

f  =  800  cps 

f  =  1000  cps 


f  =  50  cps 
f  =  100  cps 
f  =  200  cps 

f  =  300  cps 

f  =  500  cps 

f  =  800  cps 

f  =  1000  cps 

f  =  1 100  cps 


(c)  SENSOR  INPUT  SIGNAL  FOR  FIGURES  8  TO  15  (d)  PROBE  PRESSURE  WITH  REFLECTION 

(PROSE  PRESSURE  WITH  NO  DOWNSTREAM  DUE  TO  JUNCTION  ONLY 

REFLECTIONS) 

OPERATING  CONDITIONS  FOR  SCOPE  PHOTOGRAPHS  OF  SENSOR  PERFORMANCE 
Pn  =  25  PSIA  p^  =  p0* 

p0'  =  .7  (EXCEPT  AS  NOTED)  pCL  -  pCR  =  0  (C.C.C.  1-2) 

d  =  .33  (EXCEPT  AS  NOTED) 

Figure  7  OPERATING  CONDITIONS  AND  INPUT  SIGNAL  CALIBRATION 
FOR  SENSOR  PERFORMANCE  SCOPE  PHOTOGRAPHS 
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(a)  C.C.  CONFIG.  1-2 
pi  =  ^cL  =  ^cR  =  -7 


(b)  C.C.  MNFIG^I-2 
K  =  pk  =  pcR  =  -8 


(c)  C.C.  COMF1 6^  1-2 
K  =^1  =  pcR  =  9 


pcL  '  pcR 

prl 


(d)  C.C.  CONFIG,  U-2  («)  C.C.  CONFIG.  H3-2  (f)  C.C.  £0NFIG.  H- I 

P^?i=  .7  pi  =  pi  =  -7  K  =  pi  =  *7 

VERTICAL  SCALE:  I  c*  =  I  p*i  =  .04  Pn 

Figure  8  PERFORMANCE  COMPARISON  OF  SENSOR  CONFIGURATIONS  AT  50  cps 


(e)  C.C.  CONFIG.  IH-2 
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(a)  C.C.  CONFIG.  1-2 
P0  "  *PcL  =  PcR  "  •  ^ 


(b)  C.C.  CONFIG.  1-2 

Pi  =  PiL  =  PcR  =  •• 


(c)  C.C.  CONFIG.  1-2 
Pi  =  Pci  =  PiR  =  *9 


Pci 


VERTICAL  SCALE:  I  cm  =  I  p»i  =  .04  Pn 

Figure  9  PERFORMANCE  COMPARISON  OF  SENSOR  CONFIGURATIONS  AT  100  cps 
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(e)  C.C.  CONFIG,  m-2 

p'  =  T'  =  7 

*o  pc  • ' 


(f)  C.C.  CONFIG.  H-l 

o’  =  T*  =  7 

po  pc  ’ ' 


VERTICAL  SCALE:  I  cat  =  I  pti  =  .ON  Pn 

Figure  10  PERFORMANCE  COMPARISON  OF  SENSOR  CONFIGURATIONS  AT  200  cps 
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(c)  C.C.  CONFIG.  1-2 
pi"^cL  =  P'cR  =  -9 
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(d)  C.C.  CONFIG.  H-2 

o'  =  T1  =  .7 
vo  Hc 


(«)  C.C.  CONFIG,  m-2 


Pi  -  Fc  =  .7 

VERTICAL  SCALI:  I  cm  -  |  p«i  =  .04  p. 


(f)  C.C.  CONFIG,  n-l 
Pi  =  Fc  =  .7 


Figure  II  PERFORMANCE  COMPARISON  OF  SENSOR  CONFIGURATIONS  AT  285  -  300  cps 
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(d)  C.C.  MNFIG.  n-2 

o<  =  o'  =  .7 
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(•)  C.C.  CONFIG.  EEJ-2 


Pi  =  P’  =  .7 


(c)  C.C.  CONFIG.  1-2 
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(f)  C.C.  CONFIG.  IT-1 
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VERTICAL  SCALE:  I  cm  -  I  p»i  =  .04  Pn 

Figure  12  PERFORMANCE  COMPARISON  OF  SENSOR  CONFIGURATIONS  AT  500  cps 
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(e)  C.C.  CONFIG.  TTT- 3 
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VERTICAL  SCALE:  I  c«  =  I  •  i  =  .0*  N„ 

Figure  13  PERFORMANCE  COMPARISON  OF  SENSOR  CONFIGURATIONS  AT  800  cps 
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(d)  C.C.  CONFIG.  II-2 
P*  =  P-  =  .7 


(t)  C.C.  CONFIG,  m-2 
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(f)  C.C.  CONFIG.  U-l 
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VERTICAL  SCALE:  I  cm  =  I  psi  =  .OK  Pn 

Figure  14  PERFORMANCE  COMPARISON  OF  SENSOR  CONFIGURATIONS  AT  1000  cps 
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VERTICAL  SCALE:  I  cut  =  I  pti  =  .04  Pn 
P’  =  Pcr  =  .7 


(f)  f  =  220  cpt 


Figure  15  EFFECT  OF  FREQUENCY  ON  SENSOR  PERFORMANCE  WITH 
CONTROL  CIRCUIT  CONFIGURATION  11-2 


(h)  f  =  265  cp«  (i)  f  =  310  cp* 


(J)  f  =  445  cpi  (k)  f  =  500  cp«  (I)  f  =  550  cp» 

VERTICAL  SCALE:  I  c*  =  I  p»i  =  .04  Pn 

Pi  =  pT=  -7 

Figure  15  EFFECT  OF  FREQUENCY  ON  SENSOR  PERFORMANCE  WITH 
CONTROL  CIRCUIT  CONFIGURATION  11-2  (CONT.) 
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Figure  15  EFFECT  OF  FREQUENCY  ON  SENSOR  PERFORMANCE  WITH 
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(•)  C.C.  CONFIG.  1-2 
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Figure  16  SENSOR  RESPONSE  TO  ALTERNATING  STEP  INPUT  (SLOW  RECTANGULAR  PULSES) 

289 


(»)  f  =  50  cpt 
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Figure  17  SENSOR  PERFORMANCE  DATA  ILLUSTRATING  SWITCHING  FEEDBACK  EFFECT 
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Figure  20  INPUT  SIGNAL  AMPLITUDE  REQUIRED  FOR  SWITCHING  AS  A  FUNCTION  OF 
FREQUENCY  AND  AVERAGE  CONTROL  PRESSURE  LEVEL 
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Figure  25  SOME  QUALITATIVE  EFFECTS  OF  FLUID  AMPLIFIER  GEOMETRY  ON 
SWITCHING  PERFORMANCE  AND  STABILITY 


297 


AIR  nxw  RATES  -  SC  I S  (U.7  PS  I A  A  ?0*F) 


"rr*r2 
=  mn+fflcl+*cR 


- -  m  ,  (ACTIVE) 


»r2  (IRACTIVE) 


(c)  FLOW  RATES  AT  SWITCHING  POINTS 


pcL'pcR 

(d)  FLOW  VARIATION  WITH 

CONTROL  PRESSURE  DIFFERENCE 


Figure  26  BISTABLE  FLUID  AMPLIFIER  STATIC  SWITCHING  CHARACTERISTICS 
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